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Abstract

Electroactive polymers (EAPs), also called ‘artificial muscles’, offer a significant
potential to articulate soft robotic devices, especially bio-inspired robotic devices,
due to their remarkable properties of compliance, low electrical energy consumption,
suitability for miniaturization, biocompatibility, ability to operate in aqueous
environments as well as in air, and high force output to weight ratio. The EAPs are
such special materials that they can be tailored to serve as both sensors and actuators.
The EAPs as actuators can be employed as either a soft robotic actuator or a soft
robotic manipulator especially in the micro domain for cutting edge applications such
as micro manipulation systems, medical devices with higher dexterity, soft catheters
with built-in actuation, bio-inspired robotics with better mimicking properties and
active compliant mechanisms. To realise these applications, there is an increasing
need for enhanced modelling methodologies. The subject of this thesis is, therefore,
to establish effective modelling and system identification methodologies to predict
the time-varying behaviour of the smart actuators typified by polypyrrole (PPy) trilayer laminated actuators, (i.e. ionic type EAP actuators), and to apply these
methodologies to predict the behaviour of new planar and spatial mechanisms
articulated with these actuators.
This thesis systematically develops a whole structure bending behaviour estimation
model based on the differential geometry: the backbone curve approach, which is
called the ‘soft robotic model’ of the EAP actuator. Before developing a 3dimensional (3D) soft robotic kinematic model of the EAP actuator, 2-dimensional
(2D) kinematic and dynamic soft robotic models have been derived. 2D soft robotic
kinematic and dynamic models have been validated experimentally for a range of
electrical stimuli (0.0 − 1.0 V). Following that, image and video processing
algorithms are employed to obtain the tip position data of the PPy-EAP actuator,
which are used to estimate the entire bending shape or kinematic configuration of the
PPy-EAP actuators as a function of time for a given electrical input. System

identification techniques are also employed to identify the dynamic parameters of the
PPy-EAP actuator’s soft robotic electromechanical model. A non-linear optimisation
method has been proposed to solve the inverse kinematic model in order to estimate
the highly non-linear bending behaviour of the PPy-EAP actuator, which is not
possible to accurately estimate using the methods proposed in the literature for
inverse kinematics. An adaptive boundary-constraint approach has been introduced
to the optimisation algorithm to make sure that the estimated configurations match
well with the real configurations of the EAP actuators under any applicable electrical
input. The PPy-EAP actuators have also been designed and fabricated to form a
lamina emergent compliant mechanism with built-in actuation, which generates a
motion emerging out of the PPy-EAP actuator’s

planar configuration (i.e.

laminated). This mechanism with a conical helix topology can find a place in
numerous applications such as micro-swimmers with a helix propeller inspired by
bacteria swimming, micro-mixers, controllable stages, auto focusing mechanisms
and micro soft robotic manipulation systems. The soft robotic kinematic modelling
methodology has been applied to estimate the twining motion of this lamina
emergent compliant mechanism with different spiral sizes. Further, inspired by
Rapson’s slide mechanism, a continuously stable compliant mechanism based on the
bending and sliding principle of the PPy-EAP actuators has been established so that
the PPy-EAP actuators’ bending motion is converted into a linear motion The
modelling methodology has been further validated by successfully estimating the
displacement, velocity and acceleration of this mechanism. The experimental and
numerical simulation results suggest that the soft robotic kinematic and dynamic
modelling methodology based on the backbone curve approach is very effective in
estimating the PPy-EAP actuators’ highly non-linear bending behaviour and dynamic
behaviour, and in estimating the mechanism’s output articulated with the PPy-EAP
actuators. The proposed methodology can easily be extended to other bending type
actuators and smart structures. This study has improved our understanding of the
ionic bending type EAP actuators in order to widen their application to new soft
robotic applications.
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Chapter 1

Introduction
Since the industrial revolution, technological developments both in materials and in
in the methods to craft new materials have progressed exponentially. Robotics has
also developed in many areas including computation methods and use of novel
materials such as artificial muscles integrated into new robotic devices. The
innovation of artificial muscles has been especially important for the development of
soft robots. Robots articulated with artificial muscles are one step closer to the
biological organisms that inspired their creation and

these robots can produce

kinematic behaviours very similar to their biological

counterparts. An elephant

trunk, a snake, a fish and an octopus arm are significant examples of developments in
biologically inspired soft robotics.
Soft robotics has gained researchers’ attention in the last two decades because a soft
robotic device has the ability to deform its whole body continuously, unlike its
conventional substitutes (i.e. robotic devices with rigid parts like robot manipulators)
which have discrete body and/or limb forms. Soft robotics can generally be divided
into two main groups: soft robotic actuators and soft robotic manipulators. While soft
robotic actuators refer primarily to actuators which have soft and flexible features
exhibiting natural muscle-like behaviours (e.g. pneumatic artificial muscles (PAMs),
electroactive polymers (EAPs), dielectric elastomers (DEs) etc.), soft robotic
manipulators are innovative manipulators which may be articulated by soft robotic
actuators (e.g. robotic tentacles with PAMs) or the soft robotic manipulator itself can
be made of a soft robotic actuator(s) (e.g. EAP actuators/manipulators). These soft
robotics groups can further be classified according to the size of the soft robotic
actuator or manipulator. The PAMs are more suitable for macro domain applications
1

where their ability to miniaturise is limited. On the other hand, EAPs can be
fabricated in micro size with no sophisticated techniques required [1].
The main goal of this study is to develop a methodology for modelling and
characterising EAP actuators, the developed models of which can be used to control
the whole shape deformation of the EAP actuators in a cantilevered configuration
(i.e. operating in 2D plane) and in a lamina emergent mechanism configuration (i.e.
operating in 3D with a motion emerging from the 2D fabrication plane). The models
developed adapt the so-called backbone curve approach from the soft robotic
manipulator literature so that the real soft robotic system is modelled with this
special curve and can also include the mechanical properties of the soft robotic
system.
The proposed models are validated by designing the EAP actuators to form a 3dimensional motion (i.e. a twining helix) from a 2-dimensional initial configuration
(i.e. a spiral), and the EAP actuator’s planar bending motion kinematically and
dynamically. The helix forming motion of the EAP actuator is inspired by bacteria
(e.g. Escherichia coli) swimming where the bacterium forms its flagella filament(s)
into helical shapes in order to propel itself [2]. The ionic bending type EAP actuators
are designed and fabricated to validate the 3D kinematic model developed in this
thesis. It is important to note that the helix forming motion or any kind of 3D shape
forming motion of the soft actuators (e.g. the EAP actuators) can be modelled using
the methodology proposed in this study. This 3D shape forming motion of the EAP
actuators is the same as the motion of lamina emergent compliant mechanisms,
which it is very difficult to articulate with conventional means, requiring built-in
actuation means. In this regard, we design and fabricate a lamina emergent compliant
mechanism with built-in actuation and successfully model and experimentally
validate its 3D kinematics. We fabricate the EAP actuator as a planar one-piece
active structure or mechanism. When it is electrically activated, it takes a 3D shape,
generating a motion emerging out of its planar configuration. This is an innovative
way to build, actuate and model a lamina emergent mechanism.

2

1.1 Soft Robotics: Continuum and Hyper-Redundant Soft Robotic
Limbs
Soft robotic actuators and manipulators have developed significantly since the first
soft and/or hyper-redundant manipulator attempts such as Marvin Minsky's tentacle
robotic arm with twelve joints (developed at the MIT AI Lab in 1968) were made.
Since then, robotic researchers have been interested in developing soft robotic
devices that mimic the biological systems which have optimised themselves
according to their environment. Soft robotics can be divided into two groups:
continuum and hyper-redundant robotics. While the continuum soft robotics deal
with the soft robotic devices made of soft and flexible materials and show a
continuous deformation through continuum structure, the hyper-redundant soft
robotics replicate the continuous deformation of the continuum soft robots by having
an excessive number of serially connected rigid links. In theory, continuum soft
robots have an infinite number of links (and degrees of freedom), therefore, an
infinite number of deformation solutions. On the other hand, the hyper-redundant
soft robots have a finite number of links, therefore a finite number of kinematic
solutions.
A number of studies have been conducted on continuum soft robotics and their
hyper-redundant substitutes. The inspiration for these studies comes from nature
where we can observe the working mechanisms of an octopus arm [3] an eel [4], an
elephant trunk [5-7] or a snake [8]. Several significant studies have focussed on these
biologically inspired soft robotic manipulators [9-16]. Most of the soft robotic
manipulators in the literature have been built employing conventional means such as
serially connected rigid parts driven by pneumatic actuators, electric motors or
cables, or a combination of them in order to obtain the bio-inspired motion of the soft
robot. Whether a soft robot is driven by pneumatic artificial muscles or by a cable
system, the kinematic configurations generated by the continuum soft robotic
approach or the hyper-redundant robotic approach are almost identical, depending on
the hyper-redundancy of the discrete model. Therefore, both approaches use a similar
analogy to model the soft robots kinematically and dynamically. As mentioned
above, this modelling analogy is based on the backbone curve of the robot. The
backbone curve of the soft robot can be modelled as a continuum or a discrete
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system. While a continuum model would be more accurate to obtain the exact shape
of the soft robot, it will have a high computational cost. On the other hand, the model
can be developed in a discretised form that while a reasonably accurate shape
correspondence is obtained between the model and the real soft robot and it will
serve better for motion control purposes. Obtaining a forward kinematic model for a
soft robotic manipulator might be less sophisticated comparing to inverse kinematic
resolutions. For obtaining the soft robotic manipulator’s or actuator’s (i.e. EAP
actuator) inverse kinematic solutions, therefore, the whole shape formed by the soft
robotic device can be very problematic due to a high number of degrees of freedom
in its structure. For instance, a serial manipulator with high number degrees of
freedom (i.e. over 6) can be easily formulated kinematically. However, the same
manipulator’s number of inverse kinematic solutions will be virtually infinite for a
given

tip

position.

One

can

imagine

how

difficult

a

soft

robotic

manipulator/actuator’s inverse kinematic problem will be with the number of degrees
of freedom boosts. Several studies have been conducted on methodologies for
solving such biomimetic kinematic models for soft robotic and hyper-redundant
robotic systems [6, 17-21]. Mochiyama’s work [17] focused on the shape estimation
of a hyper-redundant manipulator. He employed the manipulator’s Jacobian to
estimate the tip position of a hyper-redundant manipulator. On the other hand,
Hannan and Walker [6] assume that each section of the manipulator bends into a
circular arc with a constant curvature. Chirikjian [18] employed a mode-shape
approach which pre-determined the kinematic configurations of a snake-like hyperredundant robot. These models are proposed to demonstrate promising features of
soft robotic manipulators whether they are modelled as continuum or discrete (hyperredundant) systems.
The soft robotic applications explained above mainly centre around macro-sized
manipulators articulated with macro-sized actuators. With today’s technology, it is
difficult to construct a soft robotic device if it needs to be miniaturised. Smart
materials such as electroactive polymers, on the other hand, are very promising
materials

in that they can be fabricated as micro-sized actuators [1] and/or

manipulators [22, 23]. Further, the EAP actuators and manipulators are compliant,
which means that they do not require any additional conventional parts such as
joints, electric motors, pneumatic channels etc. As stated above, the EAPs can be
4

tailored both as soft robotic actuators and manipulators or a combination of both
depending on their application.

1.2 Electroactive Polymer (EAP) Actuators
The majority of the conventional actuation technologies are based on electric motors,
hydraulic and pneumatic actuators, and mechanical components. However, robotics,
mechatronics and biomedical applications require new actuation materials. For micro
and nano scale applications in particular, more compact and efficient materials and
systems are needed to transform energies efficiently. To this purpose, in the last
decade, researchers have drawn their attention to electroactive polymers (EAPs).
Although EAPs have been known for some time, research still continues to construct
an efficient design configuration, driving strategies and especially modelling and
controlling their displacement and force outputs if they are tailored as actuators or
manipulators.
In general, the EAPs can be categorised as ionic or electronic. While ionic polymer
metallic composites, hydrogels and carbon nanotubes can be included in the ionic
EAPs, dielectric elastomers, electrostrictive paper, liquid crystal elastomers are
electronic EAPs [24]. The ionic EAP actuators can produce lower stress but larger
strain requiring less energy for actuation. The electronic EAP actuators can generate
a higher stress but they operate under a high input voltage which limits their
application.
In this thesis, we consider the ionic bending type EAP actuators (i.e. conductive
polymer actuators) and they will be referred as EAP actuators throughout the thesis,
unless otherwise noted. A number of different monomers, including polypyrrole
(PPy), polythiophene (PTh) and polyaniline (PANi) [25], are identified to synthesise
such actuators. Their chemical structures are illustrated in Fig.1.1.
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Fig.1.1. The chemical structure of polypyrrole (PPy), polythiophene (PTh) and polyaniline (PANi)
[25].

When an electrical potential is applied to an EAP actuator, it generates a volume
change due to an electrochemical reaction inside the EAP. This volume change can
be used to do mechanical work by a properly engineered EAP actuator. In this study,
for the first time, we have identified the electrochemically deposited 3-layer PPybased EAP as the most suitable smart actuators to design, model and characterise for
an active lamina emergent compliant mechanism based on a review of the literature.
There are a number of different EAP actuator types and every group has advantages
and disadvantages. The most common EAP actuators are ionic-based laminated and
dielectric elastomers, but ionic laminated EAPs have advantages over the other EAPs
on miniaturization, fabrication process, ease of tailoring in different configurations,
repeatability and operating voltages (i.e. millimetre-size ionic EAPs require as little
as under 1.0 V).

1.2.1 EAP Actuator Configuration
The fundamentals of PPy-based EAP actuators were first proposed by Baughman et
al. [26, 27]. Since then, significant research efforts have been dedicated to the field
of EAP actuators [28-32]. These studies classified the EAP actuators as axial and
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bending-type actuators. An axial EAP actuator is generally characterised by a linear
movement or strain along its longitudinal axis. Film (sheet) and helical forms have
been suggested for axial EAP actuators (sheet; [31, 32] and helical; [33-36]). For
bending type EAP actuators, work is done as a result of the bending of a cantilevered
actuator. Bi-layer and laminated type EAP actuators are the most common bending
type EAP actuators. The laminated type can be divided into two further groups based
on their electrolyte storage method: internal and external. For the internal storage, a
porous material (layer) is needed to store the electrolyte and can operate out of an
electrolytic medium (i.e. air). On the other hand, the EAP actuators with external
storage must be immersed in an electrolyte to be able to operate.
The helical type (axial) actuators are more suitable for an active flagellum
mechanism manufacturing for micro robotic swimmers [37]. However, the recently
developed helical type actuators need to be immersed in the electrolyte and need to
be used with a guiding tube in the middle [36]. Alternatively, the actuators with the
most suitable characteristics for manufacturing an active flagellum are laminated
(bending) type encapsulated actuators with internal electrolyte storage. While the
gold-sputtered layer forms a conductive layer on the porous layer surface and
increases the conductivity of the final product (i.e. EAP actuator), the porous layer
serves as an electrolyte storage and cell separator in the EAP actuator. The generic
structure of such an EAP actuator is illustrated in Fig.1.2.

Fig.1.2. Structure of a laminated bending type EAP actuator.

1.2.2 Operation Mechanism of Ionic Bending Type EAP Actuators
An electrical potential applied to an EAP sample results in a volume change of the
polymer layers due to the transfer of the mobile ions in and out of the polymer
layer(s) where the electrical contacts are connected to the active polymer layers. The
electrical potential starts the electrochemical reactions (reduction and oxidation) in
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the PPy layers of the EAP. In these electrochemical reactions, cations or anions can
be the mobile ions depending on the electrolyte type. For a p-doped polymer like
PPy, there are two possibilities for ion mobility [28-30, 38-41]. If the polymer is
doped with a mobile anion such as

and in contact with an electrolyte solution

containing both mobile anion and cation, the anions enter and exit upon the redox
reactions (reduction and oxidation);
(1.1)
On the other hand, if the polymer is doped with a mobile cation such as
dodecylbenzenesulfonate (DBS) and in contact with an electrolyte solution
containing both mobile anion and cation, the cations enter and exit upon the redox
reactions:
(1.2)
where PPy is one segment of the
and

molecules’ long polypyrrole,

is an electron,

are the anion and the cation, respectively. When the mobile ions leave a

layer, this layer shrinks, and when the mobile ions enter a layer, this layer swells.
These volume changes in the active polymer layers produce a mechanical bending in
the laminated ionic EAP actuator.
The relative size of the mobile ions, the electrical potential applied and the thickness
of the polymer layer are the most significant factors controlling the volume change of
the EAP actuators [30]. Of these, the electrical potential is a controllable parameter
and the thickness of the layers can be varied to change the EAP actuator’s
mechanical properties. The dependency of the relative size of the mobile anions and
cations on the volume change has not yet been determined.

1.2.3 Modelling EAP Actuators
Almost two decades have passed since EAPs were proposed as actuators. There
have been a number of approaches for modelling EAP actuators as axial and bending
(i.e. bi-layer or multi-layer) type actuators. These models can be classified into two
groups: mechanical and electrical.
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For the mechanical modelling, Pei and Inganas [28] used Timoshenko’s classical
bending beam theory to estimate the bending displacement of the bi-layer polymer
actuators. When the EAP actuators produce some strain (therefore bending), the
radius of the curvature formed by the actuator is measured and used to calculate the
magnitude of the strain. This approach was adopted by Benslimane et al. [42],
Madden [43] and Alici et al. [44]

for tri-layer EAP actuators. However, this

approach is based on the assumptions of a small strain and constant modulus of
elasticity. Alici also applied the classical beam theory taking non-linear effects into
account to estimate the non-linear steady-state bending displacements of the PPyEAP actuators [45]. These studies have been conducted on bending type EAP
actuators in planar conditions like a cantilever beam. Off-plane bending of the
polymer actuators is not considered in these modelling studies. For electrical
modelling, a current response relationship was developed by Pei and Inganas [28],
using a diffusion process in a system with a moving front. Even though the response
achieved was remarkable for long time periods, large errors existed in the few
seconds of the simulation due to inaccurate assumptions. In addition to the electrical
model of Pei and Inganas, Madden developed an impedance model called the
diffusional plastic metal (DEM) [46]. The DEM model is based on an electrically
equivalent circuit with a double layer capacitance which is the interface between the
polymer and the electrolyte. A relation has been generated between the volume
change of the polymer caused by the ion diffusion from/to the electrolyte and the
current consumed. Diffusion is related to the concentration gradients which are
driven by potential gradients. The admittance (inverse of impedance) of the polymer
actuator is then estimated.
A viscoelastic model was also developed by Della Santa et al. [31] in which the axial
stress response under a square wave input was simulated for an EAP actuator. John et
al. [47-49] modelled EAP actuators dynamically using the frequency response and
resonant frequency measurements from the tip of the EAP actuators.
Another approach was taken by Alici and Metz [50, 51] where a thermo-mechanical
analogy was used to model the bending behaviour of the laminated EAP actuators. In
this model, a black-box approach is used to identify the bending behaviour of the
polymer actuators by determining the thermal properties of the layers. Simulation
results were validated with experimental results.
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Modelling of the EAP actuators is still under development, yet electroactive
polymers have a variety of ranges. Even though initial modelling attempts have been
made, these approaches are very limited to bi-layer and multi-layer EAP actuators.
Moreover, the modelling approaches are tested on a single beam-like configuration
of the EAP actuator. This means that more advanced modelling approaches should be
undertaken for applications where the EAP actuators’ bending behaviours not only in
planar conditions like a cantilevered beam but also 3D configurations need to be
considered for modelling their kinematic and dynamic behaviours.

1.3 Advantages and Limitations
EAP actuators have numerous advantageous over conventional actuators. EAP
actuators are compliant and noiseless, suitable for miniaturisation, energy efficient,
light weight, insensitive to magnetic fields, biocompatible, able to operate in a way
similar to natural muscles, able to generate high strain rates, able to work in both
aqueous and dry environments. These advantages

lead us to build bio-inspired

robotic devices articulated by EAP actuators or electroactive polymer artificial
muscles.
As mentioned above, electronic EAPs and ionic EAPs have limitations. Electronic
EAP actuators can generate a higher force output than ionic EAP actuators, however
they require thousands of volts to generate a meaningful output. On the other hand,
ionic EAP actuators require less than 1.5 V to enable actuation. The ionic EAP
actuators’ force output is lower than the electronic EAP actuators’ force output.
However the force output to weight ratio of ionic EAP actuators is quite high. They
can lift weights tens of times heavier than their own weight. Alici and Huynh
reported on a micro-gripper made of PPy-based ionic bending type EAP actuators
which can lift up to 50 times their weight under 1.5 V [22].
In this thesis, ionic bending type EAP actuators are studied as soft robotic actuators.
The EAP actuators used in this thesis have a porous passive layer storing ions for
actuation. This porous layer is manufactured as a continuous film the surface
roughness and thickness of which can vary. The EAP actuators fabricated with this
porous layer have different actuation properties in different directions. John [47]
reported that the porous layer used to fabricate the tri-layer bending type EAP
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actuators has different tensile strength in different directions (i.e. one direction (O1)
is along the continuous film and the other direction (O2) is perpendicular to the first
direction, along the width) which might be the effect of casting direction. When an
EAP actuator is cut as long strips from the bulk sheet EAP actuator, this tensile
strength difference will influence the actuation rates in these directions. The one EAP
actuator will exhibit a different bending behaviour from the other EAP actuator cut in
the other direction. Keeping this actuation difference in mind, the EAP actuators can
be cut in the direction where the EAP actuator is more active, however irregular
shapes cut from the EAP bulk sheet may present non-continuous or unexpected
deflection results. For example, circular EAP actuators do not show continuous
bending along the circular length of the EAP actuator. Instead they show actuation
difference between axes which are perpendicular to each other. This drawback of the
ionic EAP actuators is illustrated in Fig.1.3.

Fig.1.3. Orientation of the EAP actuator cut from the EAP bulk sheet. O2 shows more actuation than
O1. O3 still can have linear actuation patterns; more active in x-axis and less active in y-axis and
bending behaviour is not fully circular.

1.4 Motivation of Thesis
The inspiration for this thesis came from a living microorganism’s (i.e. Escherichia
coli; a helical swimmer) swimming style and the way it forms its flagellum into a
helical configuration. E. coli usually has one or two flagella which are used to propel
the bacterium itself by curling and rotating them into helical shapes [52]. The
schematic of

bacteria propulsion is illustrated in Fig.1.4. Understanding the

swimming properties of a micro-organism will enable us to manufacture robotic
devices in micro- or even in nano- size. This helix forming motion can be replicated
using the EAP actuators, which are quite flexible, compliant and capable of
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producing highly non-linear bending behaviours to enhance the propulsion of a
micro-robotic swimmer [53]. Micro-robots can be alternatives to the devices used for
traditional medical diagnosis and/or therapy such as surgical operations, oral and
injected drug delivery, catheter usage in both diagnosis and therapy [54]. Modelling,
designing, fabricating and controlling such micro-robots, however, needs special
attention due to the size of the robot and most importantly, the physical principles in
the micro-environment are different from the physical principles in the macroenvironment especially in aqueous environments [55, 56]. Materials and methods to
establish micro robotic devices can be accelerated by studying and understanding
innovative materials and their working principles. These materials certainly include
the EAPs (both as actuators and sensors) which have been proposed to power the
next generation of robots (i.e. soft robotic devices) replacing conventional rigid
means which have been used since the first robots were introduced. This thesis is
motivated by the use of these soft robotic materials, devices and their soft robotic
modelling approaches employing differential mathematics. These soft materials
include the EAP actuators which are perfect candidates for soft robotic applications.
Knowing that there is an increasing need for developing flexible smart materials in
order to make such helical or similar structures, this thesis focuses on the EAP
actuators, their 3D shape-forming capabilities (e.g. helix forming lamina emergent
mechanisms), possible applications of such 3D shape-forming EAP actuators, not
only as a propeller of a micro robotic swimmer but also as an active lamina emergent
compliant mechanism, their modelling methodologies and estimation of their
behaviours in both 2D and 3D under an electrical stimulus.
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Fig.1.4. Schematic of a micro swimmer with a helical propeller (Figure modified from [57]).

1.5 Problem Statement and Overview
Ionic EAP actuators, also known as bending type artificial muscles, have
extraordinary properties to actuate bio-inspired soft robotic devices. They also have a
high potential to be employed in medical applications where their interaction with
patients will not cause any injury. A significant number of studies in the literature
report on the potential applications of EAP actuators and how to model and control
their displacement and/or force output under an electrical stimulus. However, those
studies are limited to the small deflection assumption of the EAP actuator; while
some of them focus on their displacement analysis in steady-state, the others focus
on their tip-only displacement modelling and/or control. Their dynamics have also
been studied under a narrow frequency range. Although EAPs can be employed in
the emerging field of soft robotics, their kinematic and dynamic modelling have not
yet been investigated to evaluate their suitability for meeting the task requirements
of soft robotic systems.
The research presented in this thesis aims to develop kinematic and dynamic models
of ionic bending type EAP actuators with a more effective and efficient modelling
methodology (i.e. soft robotic modelling based on the backbone curve approach).
The models developed in this thesis estimate the whole shape of the EAP actuator
during operation (i.e. both kinematically and dynamically). Further, the efficacy of
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the soft robotic modelling approach is validated by designing and modelling the EAP
actuators forming 3D helical configurations from initially 2D spirals — like a lamina
emergent compliant mechanism. Further, a linear actuation mechanism was built to
further validate the kinematic and dynamic modelling methodology by predicting the
rectilinear displacement of the mechanism from the models. Chapter 2 describes the
fabrication process of the ionic bending type EAP actuators, their displacement and
force measurement systems, and a laser cutting procedure to fabricate an active
lamina emergent mechanism from a bulk sheet of EAP actuators.
EAP actuators as planar benders are modelled kinematically and their whole shape
estimation procedure are presented in Chapter 3. The 2D kinematic model is obtained
by employing a soft robotic modelling approach. A non-linear optimisation algorithm
with an adaptive boundary-constraint approach is implemented to solve the
kinematic model and hence to estimate the EAP actuator’s whole shape for a given
electrical input.
Two kinematic models in cylindrical and spherical coordinates are developed for the
helix forming EAP actuators (i.e. the lamina emergent mechanism) in Chapter 4. A
comparison of these is also given. Several EAP actuators with different sizes (i.e.
initially spiral) are used to validate the 3D kinematic models.
The electromechanical model developed in Chapter 5 integrates the soft robotic
kinematic model with the dynamic model in order to estimate the EAP actuator’s
displacement response in the time domain and characterise the EAP actuator’s
mechanical properties.
Chapter 6 describes the non-linear optimisation methods, their comparison and their
suitability for solving the soft robotic kinematic models. An adaptive boundaryconstraint approach is proposed to make sure that the inverse kinematic solutions
match the real whole-shape configurations of the actuator as a function of time.
Without the adaptive boundaries and constraints, it is not possible to obtain the
correct inverse kinematic solutions forming the whole shape of the actuator.
In Chapter 7, a continuously-stable compliant mechanism articulated by EAP
actuators is designed and modelled, and its kinematics and dynamics are analysed by
the models developed in this thesis. This continuously stable mechanism is unlike
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conventional bi-stable or multi-stable mechanisms which are based on buckling or
magnetic disruption. It can stay at any position between its initial and final states –
thanks to the working principle of ionic bending EAP actuators which can keep their
position when the electrical input is stopped. The continuously stable compliant
mechanism is also a very good example for building a functional device articulated
by the EAP actuators.
Chapter 8 presents the conclusions and recommendations for future research.
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Chapter 2

Experimental Design and Methods
2.1 Introduction
The laminated bending type PPy-EAP actuators used throughout this thesis were
configured in two forms: as a cantilever beam and as a helix forming spiral. This
chapter describes the experimental methods and equipment used to electrochemically
fabricate the PPy-EAP actuators, to accurately cut the PPy-EAP actuators with a
laser cutting process, and to accurately measure the non-linear displacement data and
also blocking force data of the PPy-EAP actuators.

2.2 Laminated EAP Actuator Synthesis
The vast majority of the studies in the literature have reported on electrochemically
synthesized polypyrrole actuators. Only a few studies have reported on a different
method of synthesis [58, 59]. Several steps are followed to synthesize a polymer
actuator electrochemically. First, a solution containing the pyrrole monomers and
counterions is prepared. Then an electrode is immersed in the solution and a constant
voltage or a constant current is applied for polymerisation in the electrode. The
temperature is important during polymerisation in order to grow the best quality film
(~ -40 °C is the optimum temperature). The polymer thickness is a function of time
and the voltage or current applied during the polymerisation process.
The procedure to synthesize laminated bending type PPy-EAP actuators is as
follows:
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Electrochemical polymerisation was used to fabricate the polymer actuators. A
chemical cell made of commercial glass plates and adhesive silicone was
constructed. A stretching mechanism was also built to keep the PVDF (i.e.
polyvinylidenefluoride; porous layer) stretched during the polymerisation process.
The stretching mechanism, the glass electrochemical cell, the gold-coated PVDF
alignment within the stretching mechanism and the cell are illustrated in Fig.2.1.

Fig.2.1. PVDF Stretching mechanism and electrochemical cell.

The porous membrane ( PVDF, obtained from Millipore) was cut into a 60

60 mm

square from the film obtained. The PVDF was then sputter coated using a Dynavac
Magnetron Sputter Coater (Model SC100MS). A vacuum pump was used to decrease
the chamber pressure (1 10-4 mbar). Argon gas was applied to the chamber for
pressure stabilisation at 2.3 10-3 mbar. After stabilisation of the chamber pressure,
the PVDF layer was gold coated with sputtering by a thin layer of gold until the
surface resistance of the PVDF was less than 20 Ω. The surface resistance of the
gold coated PVDF was measured by a multimeter. This gold coating process
provides a porous layer with an increased surface conductivity for the
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electrochemical polymerisation. The gold coating process was performed for both
sides of the PVDF film cut into a square.
A pyrrole monomer (0.1 M) containing polymer growth solution, Li+TFSI− (0.1 M)
and 1% Milli-Q water in propylene carbonate (PC) was prepared for polymerisation.
The polymer growth solution was de-oxygenated with N2 for about 30 minutes. The
gold coated PVDF was placed in the glass electrochemical cell within the stretching
mechanism and the polymerisation solution was poured into the glass
electrochemical cell. This setup was then cooled to -40

for 6 hours. In the

meanwhile, the electrodes were connected to a galvanostat or a potentiostat
depending on which electrochemical polymerisation will be carried out. A
potentiostat is used for polymerisation applying constant voltage while a galvanostat
is used for polymerisation applying a constant current. The EAP actuators used in
this thesis were fabricated using a galvanostat. The gold coated PVDF was connected
to working electrode (WE), and the stainless steel meshes facing both sides of the
PVDF were connected to the reference- (RE) and the counter- (CE) electrode. The
polypyrrole (PPy) layers were galvanostatically grown from the growth solution at a
current density of 0.1 mA·cm−2 for about 12 hours on the gold coated PVDF. This
polymerisation process provides a ~30 µm thickness of a PPy layer on both sides of
the gold coated PVDF. The PVDF is 110 µm as received which makes the PPy-EAP
bulk sheet thickness 170 µm in total after polymerisation. The structure of a
laminated bending type EAP actuator and its polymerisation process is outlined in
Fig.2.2.

a.
PVDF
b.

Au

c.

PPy

Fig.2.2. Laminated bending type EAP actuator fabrication process; a. Porous layer (PVDF), b.
Sputtered gold coating on PVDF, c. Polymer (PPy) growing on gold coated PVDF.
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After the polymerisation process, the PPy-EAP bulk sheet was cleaned with acetone
and placed in the actuation solution containing Li+TFSI− (0.1 M in PC). The PPyEAP actuators were cut from the PPy-EAP bulk sheets prepared with a laser cutting
process.

2.3 Laser Cutting Process
The PPy-EAP actuators were cut to the required shape and size employing a laser
cutting process. The laser cutting process used in this thesis has a series of steps from
obtaining the geometry to the final laser cutting of the EAP actuator. This process
provides high accuracy in the dimensions and geometry of the actuators which is
necessary for the model identification and validation.
The geometry and the dimensions (contours) of the EAP actuators are drawn in
MATLAB, and the EAP actuator’s spiral-shaped contours are then extracted in a
parameterised form into a drawing and drafting software (AutoCAD). For 2dimensional model verification of the PPy-EAP actuator, both laser cutting and
manual scalpel cutting procedures were performed. A screenshot of a cutting sample
(contours of sample drawing) on the laser cutting template in AutoCAD software is
presented in Fig.2.3. The laser cutting machine (Universal Laser Systems, Model:
VLS 3.50, graphics (pixel) and CAD (vector) based) used for the laser cutting
process does not require converting the cutting contours into the computer numerical
control (CNC) machine language (G-codes). The laser cutting machine cooperates
with AutoCAD software so that the vector based CAD drawing which contains
contours of the EAP actuator, is understood by the laser cutting machine as the
contours/paths to be cut.
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Laser cutting
table boundaries

Sample laser
cutting drawing

Fig.2.3. A sample cutting contour of the PPy-EAP on the laser cutting template (prepared in
AutoCAD 2009).

After the completion of the EAP actuator’s contour preparation, the drawing was sent
to the laser cutting machine. The PPy-EAP bulk sheet was placed on the laser cutting
machine’s cutting table in its chamber. The laser cutting software provided with the
laser cutting machine (screenshots of the laser cutting software are presented in
Fig.2.5.) was used to adjust the positioning of the laser cutting region on the cutting
table. Although the laser cutting software comes with settings for common materials,
the PPy-EAP actuators’ properties are virtually impossible to find. The settings,
including laser power and material properties were adjusted manually in order to find
optimum parameters for the laser cutting process. The laser cutting power was set so
that several cycles were needed in order to cut through the PPy-EAP actuator.
Cutting the PPy-EAP bulk sheet this way, in several cycles, prevents excessive
burning and damage to the PPy-EAP actuator close to the cutting contours. The PPyEAP actuators obtained from the laser cutting were removed from the PPy-EAP bulk
sheet using tweezers and placed between two microscope glass slides containing the
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actuation solution. The laser cutting set-up and laser cutting control panel (VLS2.30)
are illustrated in Figures 2.4 and 2.5, respectively.

Laser cutting
machine

Computer
Exhausting pump

Fig.2.4. Laser cutting setup.

Fig.2.5. Laser cutting software control panel and settings.
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2.4 Displacement Measurement System
The PPy-EAP actuator’s tip position data has been obtained using an image
processing system rather than employing a non-contact laser measurement sensor.
The PPy-EAP actuators’ displacement is too large to continuously focus the laser
beam on the tip point. In other words, a laser measurement system is not suitable for
measuring the large tip displacement of EAP actuators because a single point
focussing laser measurement system relies on focusing and reflecting a laser beam
from the surface of the moving object. Laser measurement systems can be used for
measuring linear displacements of the cantilevered EAP actuator A multi laser beam
system can be employed to focus various points along the slender EAP actuator
where displacement results are used to obtain whole body deformation of the EAP
actuator (i.e. proposed for large deformations in [47]). The multi laser beam focusing
method, however, will be quite expensive and complex to build compared to the
image processing system because using the image processing system, a cantilevered
EAP actuator’s non-linear bending results can be obtained employing only one
camera by analysing those recorded images. Similarly, the displacement output of a
helix forming PPy-EAP actuator can effectively be determined using an image
processing method which analyses the captured motion of the actuators to determine
the displacement data of the actuator. The primary advantage of the image processing
displacement measurement system is that it can determine the linear or non-linear
bending displacement of the EAP actuator. A number of steps are followed to obtain
the tip displacement data of the PPy-EAP actuators, as described in the next
paragraph.
The actuation signals were generated in SIMULINK environment (MATLAB) and
passed through a USB-type NI-DAQ card (NI USB-6251) to a potentiostat (eDAQ,
Model: EA164). The electrical input supplied from the potentiostat was applied to
the PPy-EAP actuator using a gold coated clamp for the planar PPy-EAP actuators
and gold coated permanent magnet electrical contacts for the 3D helix forming PPyEAP actuators. The motion of the PPy-EAP actuators was recorded using a digital
camera (Nikon D5100). The videos were recorded at 30 fps which was sufficient to
record the bending motion of the PPy-EAP actuators. The PPy-EAP actuators were
stimulated long enough to cover their full bending range, from their neutral (the
actuator is straight and not activated) to the fully charged (maximum bent) state.
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After recording the PPy-EAP actuators’ bending motion under different electrical
inputs, the videos were analysed to determine the tip displacement data by the image
processing algorithm. The experimental set-up including the activation of the PPyEAP actuators, the displacement measurement system and the force measurement
system are shown in Fig.2.6.
Computer with
data logger

Input signal
NI DAQ Card

generated in
SIMULINK
Displacement
data record

E-Corder

Image Processing
MATLAB

Potentiostat

Dual-Mode Lever
Arm System
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Fig.2.6. Schematic of experimental set-up including displacement and force measurement systems.

2.4.1 Video Analysis and Image Processing Systems
The video analysis and image processing systems used in this section are developed
and performed in MATLAB with Image Acquisition Toolbox and Image Processing
Toolbox. After recording the video of the PPy-EAP actuator, the video was analysed
to obtain the image frames with a required frequency depending on the speed of the
PPy-EAP actuator. 1 fps was used to obtain the motion images from the video or if
the PPy-EAP actuator’s displacement motion was faster, 2 fps was used to capture
the displacement data more smoothly. The image processing system used requires
marking tip position of the EAP actuator on the images which are extracted from the
deformation videos of the EAP actuator. This manual tip-position-marking process
increases resolution of the image processing system. The resolution of the image
processing system is calculated by halving the thickness (170 µm) of the PPy-EAP
actuator: resolution of the image processing system is therefore 85 µm. The images
extracted from the video were then used to determine the tip position data in each
image of the PPy-EAP actuator. This tip position acquiring process from the images
was accomplished in a cycle to obtain the path which the PPy-EAP actuator’s tip
follows. Camera time is related to the tip position of the helical PPy-EAP actuator
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while images are extracted from recorded video. Recording is started before the PPyEAP actuator is actuated and recording is stopped after the PPy-EAP actuator
completed its maximum bending. The motion period of the PPy-EAP actuator is
determined by assessing first image-change (beginning of the PPy-EAP actuator’s
motion) and last image-change (end of the PPy-EAP actuator’s motion) during image
extraction. The images were also cropped to save processor power and memory,
given that the smaller the image size, the faster the image reading and processing
time. In 2-dimensional PPy-EAP actuator displacement measurements, a red
indicator point was used to automate the image processing system from a recorded
video to determine the tip displacement data which were to be used in the inverse
kinematic shape estimations of the PPy-EAP actuators. A photo of the experimental
set-up for the displacement measurement (imaging helix forming PPy-EAP actuator)
is shown in Fig.2.7. The same experimental set-up was used to obtain the
displacement results of the cantilevered PPy-EAP actuators, which operate in a
horizontal plane.

Fig.2.7. Experimental setup for displacement measurements of the PPy-EAP actuators.

2.5 Force Measurement System
The PPy-EAP actuator’s blocking force was measured to identify and validate the
dynamic model of the actuators in a 2D bending configuration. The force
measurement system used throughout the thesis has several components including a
lever arm with 0.3 mN resolution (Aurora Scientific Inc. Dual-mode lever arm
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system, Model: 300C, shown in Fig.2.8) and an e-DAQ Chart software package
installed on a computer to acquire and control the data flow in the force measurement
experiments. The components of the force measurement system, including the
actuation system, are shown in Fig.2.8. Typical data acquired with e-DAQ Chart
software is shown in Fig.2.9.

Fig.2.8. Blocking force measurement system with actuation system.

Fig.2.9. A typical e-DAQ Chart data log; input voltage (at the top), the current passed through the
PPy-EAP actuator (in the middle) and the blocking force measurement at the tip of the PPy-EAP
actuator (at the bottom).

The measured blocking force data was then extracted into a text file to determine the
internal bending moment in the dynamic model of the PPy-EAP actuators. The PPyEAP actuators were actuated for 0.0 - 1.0 V with an increment of 0.25 V at each
subsequent test while obtaining their blocking force data. The electrical potential was
applied with the program developed in SIMULINK, as described in Section 2.4.
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2.6 Conclusions
This chapter has described the experimental methods used to synthesise the PPyEAP actuators (laminated ionic bending type EAP actuators), and the systems for
measuring displacement and the force generated by the PPy-EAP actuators. The
displacement measurement system based on a video/image processing procedure has
been introduced in order to obtain the tip position data because the conventional
laser-focus-based displacement measurement system would fail to obtain
displacement output of the PPy-EAP actuators either bending non-linearly in the
cantilevered configuration or forming complex 3D shapes (e.g. helical configurations
from an initially 2D spiral). The laser cutting process to cut the PPy-EAP actuators
accurately has also been described.
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Chapter 3

Kinematic Modelling of EAP Actuators Based on
Backbone Curve Approach
3.1 Introduction
To enable the use of EAP actuators in a wider range of applications, the whole shape
of the EAP actuator must be modelled and controlled. Formulating an EAP actuator’s
whole shape mathematically will provide a better understanding of shape variations
of the EAP actuator during its operation under electrical stimuli. The whole shape
modelling of EAP actuators can advance applications in biomedical field such as a
soft robotic manipulator, catheter with a built-in activation, guiding a cochlear
implant through a 3D spiral, a flapping wing or a propulsion fin for a bioinspired soft
robotic device.
Many applications based on EAP actuators have been proposed in the literature.
These applications include swimming devices, crawling robots, energy converters,
stiffness regulators, micro manipulators, micro robotic grippers, motion converter
mechanisms, micro pumps and many more [22, 23, 60-69]. The EAP actuators are
especially suitable for biologically-inspired robotics where actuators are needed for
mimicking the characteristics of natural muscles. For instance, these actuators were
successfully demonstrated in fish swimming as artificial muscles powering a caudal
fin for a nautical motion [62]. Although some significant studies have been
conducted on modelling EAP actuators [22, 45, 48, 49, 70-72], majority of them
focus on modelling them as a cantilever beam and predicting the actuator’s steadystate tip displacement rather than its whole shape or overall kinematic configuration
during its operation. These studies generally follow a linear deflection principle
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based on the small deflections less than 20 % of the actuator length in predicting the
tip displacement of the EAP actuator. However, these actuators can deflect as high as
50% of the actuator length. Taking this into consideration, there is a significant need
for more accurate approaches to estimate the tip deflection and the overall shape or
the kinematic configuration of these active and soft robotic structures during their
operation.
While an EAP actuators’ displacement models have been addressed in the literature
using classical approaches such as steady-state bending beam [45], finite element
approach based on heat transfer analogy for mass transfer [73] and black box or
transfer function [48], the EAP actuators’ whole shape displacement can be modelled
using soft robotic modelling approach which kinematically describes a so-called
backbone curve of the real structure. Mutlu et al. has modelled a PPy-EAP actuator
using the soft robotic modelling approach where the PPy-EAP actuator is formulated
as a soft robotic actuator or manipulator that the PPy-EAP actuator’s whole shape
variations are estimated by solving the soft robotic inverse kinematic model [74].
The backbone curve is a special curve which represents the real soft robotic
structure. The soft robotic modelling approach with a backbone curve has also been
demonstrated in several studies in order to model hyper-redundant robotic
manipulators as soft continuum structures constructed with passive materials. These
studies on bio-inspired robotic systems have taken their working mechanisms from
an octopus arm [3], an eel [4], an elephant trunk [5-7] and a snake [8, 12]. Following
similar modelling principles, Suzumori et al. developed a passive flexible microactuator fabricated from a fibre reinforced rubber which is powered by air pressure
[75]. These devices are built by conventional actuation means such as tendons,
pneumatic actuators, servo motors and joints [8, 12] or passive materials such as
reinforced rubber [7, 75]. Formulating the backbone curve of the soft robotic
structure might not be sophisticated for a continuum or a hyper-redundant system.
However, obtaining the kinematic and/or dynamic solutions based on the backbone
curve of a soft robotic structure can be complicated. There have been several
significant methodologies proposed to solve the inverse kinematic problem of soft
hyper-redundant robot manipulators or actuators such as a modal based approach [8,
17, 19], optimization [20, 76] and tractrix based solutions [77]. These methodologies
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can be implemented to model soft manipulation systems based on EAP actuators and
to solve their soft robotic models.
This chapter reports on a soft robotic model which employs (i) the backbone curve
approach to formulate the cantilevered PPy-EAP actuator’s bending shape (i.e.
kinematic configurations) and (ii) a non-linear constraint optimization method which
we call the AngleOPT throughout the thesis to estimate the time-varying bending
shapes of the PPy-EAP actuator by solving its hyper-redundant inverse kinematic
model. The proposed methodology has been validated for the PPy-EAP actuators
under a range of electrical inputs; 0.0 - 1.0 V with 0.25 V increments. We have also
employed the image processing system described in Chapter 2 to measure the tip
position of the PPy-EAP actuator as a function of time and used these data as the
input to the hyper-redundant inverse kinematic model in order to estimate the angular
position, velocity and acceleration (i.e. joint variables) of each segment or each link
forming the soft robotic structure (the PPy-EAP actuator) by the AngleOPT. After
demonstrating the capability of the AngleOPT for estimating the joint variables, a
parametric model is also established in order to obtain a relationship between the
electrical input (voltage applied to the PPy-EAP actuator) and the EAP actuator’s tip
coordinates as a function of time. This parametric model is then employed to
calculate the tip coordinates of the actuator for the whole shape estimation process
(the AngleOPT). The parametric model can be used to estimate the tip coordinates
when it is not possible to measure or retrieve the tip coordinates of an EAP actuator
for a given electrical input value in the shape estimation process. The parametric
model complements the AngleOPT in estimating the whole kinematic configurations
of a given actuator as a function of time that tip coordinates are estimated for given
electrical input rather than requiring new tip position measurements. The PPy-EAP
actuators used in this chapter were prepared using the fabrication steps described in
Section 2.2. The PPy-EAP actuators were fabricated with 12 hour polymerization
and cut from a bulk sheet to 20

3

0.17 mm in length, width and thickness,

respectively. The electrolyte solution, 0.1 M Li+TFSI- in PC, was used in all
experiments. The PPy-EAP actuators were actuated with 1.0 V step input for ~30 s to
both bending directions prior to each test to eliminate discrepancies in initial
displacement cycles.
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3.2 Hyper-Redundant Kinematic Model Development and Analysis
of a Cantilevered-EAP Actuator
Several methods can be used to estimate the shape of a cantilevered flexible
structure. These methods include classical beam theories such as Euler-Bernoulli and
Timoshenko beam theories [45, 78], pseudo-rigid body [79], and the backbone curve
approach [8, 17, 19, 80] as mentioned above. The classical beam theories and
pseudo-rigid body models assume that the beam material has a constant elasticity
modulus. While the pseudo-rigid body models can estimate the non-linear bending
behaviour of a flexible structure, the classical beam theories can be extended to
estimate the non-linear deflection of such a flexible structure with a constant
elasticity modulus. The EAP actuators generate not only highly non-linear
deflections, but also have condition-dependent properties (e.g. Elasticity modulus of
the EAP actuator changes as a function of the electrical stimulus applied). Therefore,
the classical beam theories fail to estimate the highly non-linear deflection of the
EAP actuators. For a given actuator tip deflections (X, Y) or ideally for a given input
voltage, it is challenging to estimate the whole shape of the EAP actuator as a
continuum and a highly-flexible active structure especially for medical applications
such as using it as a soft catheter with built-in actuation. The backbone curve
approach can be employed to model the kinematic behaviour of the PPy-EAP
actuators and determine their bending curve from the inverse kinematic solutions.
We employ the backbone curve approach to obtain the hyper-redundant kinematic
model of the PPy-EAP actuator. The backbone curve approach assumes that a special
curve called the backbone curve passes through the geometric centre of each link of
the manipulator. The kinematic modelling of the PPy-EAP actuator using this
methodology is comprised of two steps;
o Obtain a parameterised function to describe the PPy-EAP actuator’s
backbone curve,
o Do the link alignments by generating and orientating the cross sections of the
PPy-EAP actuator utilizing Frenet formulations [81] and Denavit-Hartenberg
transformations [82] assuming that the cross sections are always
perpendicular to the backbone curve.
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Fig.3.1 illustrates the PPy-EAP actuator’s soft robotic structure representation and
the parameters describing its backbone curve. The backbone curve of the PPy-EAP
actuator can be defined with respect to its origin at the fixed end of the actuator as
(3.1)
where
parameter value

assigns a position in the Euclidean space to each link
in time [81].

is the overall length of the backbone

curve and the real PPy-EAP actuator.

Fig.3.1. The configuration of the PPy-EAP actuator is defined by its backbone curve

The position vector components of an instant link parameter

.

along the backbone

curve are described as
{

}

(3.2)

{

}

(3.3)

{

}

(3.4)

where is the length of each link. Each position vector is described relative to the
previous Frenet frame (i.e. local coordinate frame) [81]. The whole kinematic
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configuration of the PPy-EAP actuator can be obtained by integrating its backbone
curve over the instant link parameter (differential increments,

if the PPy-EAP

actuator is modelled as a continuum system) from the fixed end to the free end of the
PPy-EAP actuator or summing the position vectors up if the PPy-EAP actuator is
modelled as a hyper-redundant manipulator. The local coordinate frame (Frenet
frame) of each link

is described by three orthonormal vectors,
(3.5)
(3.6)
(3.7)

This Frenet formulation describes the motion of this orthogonal local frame along the
backbone curve. The formulas of this motion are given as
(3.8)
(3.9)
(3.10)
where

is curvature of the curve and is torsion of the curve.

Since the PPy-EAP actuator is in a cantilevered configuration, its bending motion
occurs in 2D plane (the PPy-EAP actuator operates in the horizontal plane). This
reduces the backbone curve of the actuator to
[

]

(

)

(3.11)

The backbone curve of the PPy-EAP actuator in 2D Euclidean space and its position
vectors are illustrated in Fig.3.2.

32

Fig.3.2. Position vectors of the cantilevered PPy-EAP actuator’s hyper-redundant kinematic model.

After obtaining the mathematical expression of the PPy-EAP actuator’s backbone
curve which is the hyper-redundant kinematic model of the PPy-EAP actuator, we
obtain the inverse kinematic model of the PPy-EAP actuator, from which we can
estimate its whole continuum structure for a given tip coordinate (X, Y) or for a given
input voltage.

Fig.3.3. Schematic for inverse kinematic solutions by the AngleOPT, non-linear constraint
optimization.

Inverse kinematics is one of the major problems in robotics due to the existence of
multiple solutions or kinematic configurations for a given manipulator’s tip position
in Cartesian space. Though an analytical solution may be present for less than 3-DoF
manipulators, it is virtually impossible to obtain an analytical inverse kinematic
solution for high DoF serial manipulators (i.e. hyper-redundant robotic systems).
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With this in mind, numerical methods can be utilized to obtain inverse kinematic
variables; joint angles, velocities and accelerations. Methods such as inverting
Jacobian matrix and least square estimation are possible methods of calculating the
inverse kinematic variables. However, an optimization approach, which we call the
AngleOPT, simplifies the complexity of the inverse kinematic problem. It does not
require mathematical manipulations prior to computing the inverse kinematic
variables, provided that appropriate joint constraints are imposed on the inverse
kinematic solutions. In other words, we formulate the hyper-redundant inverse
kinematic problem of the PPy-EAP actuators as a non-linear constrained
optimization problem. The whole inverse kinematic shape estimation process is
outlined in Fig.3.3. The details of implementing the AngleOPT for the inverse
kinematic shape estimation of a hyper-redundant of soft continuum structure are
given in Chapter 6. If the function ‘ ’ represents the hyper-redundant kinematic
model of the soft robotic structure, the joint variables can be found by minimizing
the function ‘ ’ with a set of local boundary and constraints, as presented below;

o lower and upper boundaries for joint variables
o constraints for joint variables
where is the length of the individual links,

is the joint angle in xy-plane,

and

are the tip coordinates of the PPy-EAP actuator relative to the fixed (base) point of
the PPy-EAP actuator,
angles, respectively.

and

are the lower and upper boundaries for the joint
are the assigned relationships between the joint

angles. It must be noted that a joint angle closer to the free end of the PPy-EAP
actuator should be taken larger than that of the previous joint angle closer to the fixed
end. This follows that the constraints should reflect the physical configuration of the
PPy-EAP actuator which continuously changes during the actuator’s operation.
These constraints are valid for the EAP actuator configuration remaining the same
where the EAP actuator is cantilevered and electrical stimulus is applied at the fixed
end of the EAP actuator. The EAP actuator can generate different bending motions.
For instance, an s-shaped configuration can be obtained from this type of EAP
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actuators. However, an s-shaped configuration requires a multi-point electrical input
to the EAP actuator, which should be fabricated with discrete sections to be
separately activated. In this thesis, the cantilevered configuration with one-point
electrical input is used for all modelling, simulation and experimental evaluations.
While solving the soft robotic inverse kinematic model of the PPy-EAP actuator,
some kinematic constraints are required to solve its model accurately as stated above.
To do that, we propose an adaptive approach to specify the boundary and constraints
for the actuator’s hyper-redundant kinematic model where the constraints are
updated online in order to estimate the EAP actuators bending shapes. This adaptive
boundary-constraints application assists the AngleOPT in order to find the desired or
accurate inverse kinematic solutions which generate the PPy-EAP actuator’s
backbone curve, therefore the actuator’s whole posture. The algorithm for the
adaptive boundary-constraints and its implementation in the AngleOPT is given in
Fig.3.4.

Fig.3.4. Algorithm for adaptive boundary-constraint application and its implementation to the
AngleOPT.

The adaptive boundary-constraints algorithm is proposed to calculate the boundary
conditions and constraints for the joint variables at every time increment. Further
details on the implementation of the AngleOPT are provided for a 16 DoF hyperredundant model in Section 3.4.2.
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3.2.1 Comparison of AngleOPT, Jacobian and Analytical Methods on a
2-link Manipulator Model
The effectiveness of the inverse Jacobian matrix, the AngleOPT and the analytical
methods are compared for a 2-link serial manipulator kinematic model which is used
to determine the inverse kinematics solutions of the 2-link manipulator. Fig.3.5
shows the 2-link representation of the PPy-EAP actuator, as a rough approximation.

Fig.3.5. 2-link model (red lines) representation of the PPy-EAP actuator (thick black curve).

An analytical solution of the inverse kinematic problem is the ideal method to
determine the inverse kinematic configurations of a robotic arm or a robotic structure
for given end effector positions. However, analytical methods are limited to low
degrees-of-freedom manipulators. In other words, it is virtually impossible to
establish an analytical inverse kinematic model for a robotic manipulator when the
number of degrees of freedom of the manipulator is high, especially for a hyperredundant manipulator. Further, for the real time determination of the manipulator
configurations, it is not practical to determine the manipulator configuration
following the position of the previous links in a continuing manner such that the
whole structure forms an active structure with a smooth passage from one link to
another.
The Jacobian method estimates the inverse kinematic solutions for a given
configuration of a manipulator with an error accumulation from the first
configuration to the next configuration and so on. This follows that the higher is the
number of configurations, the higher is the error associated with the last
configuration. The Jacobian method also requires additional mathematical
36

manipulations and constraints in order to have a control on the estimated backbone
curve/shape of the PPy-EAP actuator which requires excessive amount of effort to
specify joint boundaries, relationships and constraints. Moreover, the Jacobianmatrix based method can be numerically unstable when approaching a kinematically
singular configuration. Further, for a hyper-redundant system, the Jacobian matrix is
not square and therefore, obtaining its inverse is also problematic and introduces
further numerical inaccuracies due to the inversion of a non-square matrix. The
Jacobian method also requires finer increments from one configuration to another of
the manipulator requiring a relatively higher computation power or time.
An optimization based approach would serve better in calculating inverse kinematic
configurations of a hyper-redundant manipulator. The AngleOPT, the non-linear
optimization method we propose in this thesis, calculates the joint angles
individually for every configuration with no error relation to the previous inverse
kinematic solutions. Also, the AngleOPT method does not require small incremental
changes of the configuration as it estimates the joint angles for a given configuration
with no relation to the previous configuration of the manipulator. More importantly,
the AngleOPT method allows the accurate shape estimation of the manipulator such
that this method not only finds solutions to the joint angles, but also generates these
solutions reflecting the continuum structure of the PPy-EAP actuator.
The analytical inverse kinematic equations (Eqs.13-15) for a 2-link model with
revolute joints are available in [82]. The length of the PPy-EAP actuator is chosen as
20 mm, 10 mm for each link in the 2-link model. The accuracy of the 2-link inverse
kinematic model is evaluated by calculating the difference between the given tip
coordinates and re-generated tip coordinates obtained from the inverse kinematic
solutions. Fig.3.6. shows the tip displacement errors of three methods. The errors
generated by the analytical method are primarily due to truncations and round-offs in
the inverse kinematic calculations. Taking the analytical method as a reference, the
AngleOPT method shows quite satisfactory results with no-error accumulation. On
the other hand, the Jacobian matrix method gives much higher displacement errors
with an error accumulation even for a simple 2-link robotic arm model. Also, it must
be noted that, in this 2-link model example, small incremental changes of the tip
coordinates are ensured not to cause any further numerical failure of the Jacobian
matrix method.
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Fig.3.6. Tip error comparison between the analytical, the inverse Jacobian and the AngleOPT methods
for the bending-type motion of the PPy-EAP actuator represented as a 2-link manipulator.

3.3 Experimental Model Evaluation
In order to evaluate the proposed hyper-redundant kinematic model of the PPy-EAP
actuators based on the backbone curve approach, we obtain a 16-DoF model (serially
connected rigid links with revolute joints) and subsequently solve its inverse
kinematics by employing the AngleOPT method with the adaptive boundaryconstraint approach. Although any number of links can be chosen to model the PPyEAP actuator as a hyper-redundant system, there is no specific reason choosing 16link model to demonstrate this methodology. However, one should consider the
amount of computation required to solve the inverse kinematic model ― the higher
is the number of links in the model, the better is the accuracy of the shape estimation
of a PPy-EAP actuator. However, this will require higher computation power.
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Experimental work in this chapter consists of four major parts; (i) stimulating the
cantilevered PPy-EAP actuator under a step input voltage ranging 0.0 - 1.0 V with
0.25 V increments for each experiment, (ii) recording the bending motion of the
cantilevered PPy-EAP actuator with a digital camera aligned perpendicular to the
bending motion plane of the actuator and analysing the videos to extract the tip
positions of the actuator, (iii) solving the inverse kinematic hyper-redundant model
of the actuator using the AngleOPT and (iv) finding a relationship between the input
voltage and tip displacements of the PPy-EAP actuator using a parametric model.
The experimental methods utilised to actuate the PPy-EAP actuator and obtain its tip
displacement data are described in Chapter 2. The whole experimental setup
including the hyper-redundant inverse kinematic solution algorithm is illustrated in
Fig.3.7.
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Fig.3.7. The schematics of the experimental system and the inverse kinematic solution method based
on the AngleOPT method for the PPy-EAP actuator.
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3.3.1 Video Analysis and Image Processing
The image processing system was employed to extract the tip positions of the PPyEAP actuators which were then used as inputs to the inverse kinematic shape
estimation algorithm, the AngleOPT. The tip position data was also used to generate
a parametric relationship between the input voltage and tip displacements of the PPyEAP actuators. This relationship is integrated into the inverse kinematic model such
that for a given input voltage, the inverse kinematic shape estimation of the PPy-EAP
actuators can be accomplished directly. Details of obtaining the PPy-EAP actuators’
tip displacement data based on the image processing are described in Section 2.4.1

3.3.2 Adaptive Boundary-Constraints Based on Physical Constraints of
the PPy-EAP Actuator
The methodology followed to solve the inverse kinematics of the hyper-redundant
model of the PPy-EAP actuator is a minimization problem of the cost function (i.e.
the inverse kinematic hyper-redundant model of the PPy-EAP actuator). We used a
local minimization algorithm to solve the joint variables of the 16- DoF hyperredundant model of the PPy-EAP actuator which requires a special attention to its
initial conditions, boundary and constraints. There is no specific restriction on
choosing the degrees-of-freedom (i.e. number of links or angles) for the hyperredundant model of the PPy-EAP actuator. However, as stated above, one should
consider the computation power required when choosing a higher degree of freedom.
Also, the boundary and constraints should be carefully assigned to make sure that a
smooth actuator configuration is obtained along the length of the PPy-EAP actuator.
The inverse kinematic solutions (i.e. joint variables) that we are searching for are
indeed global optimums. However, at any instant of the bending motion of the PPyEAP actuator, this global optimum solution becomes a local minimum which is the
exact kinematic configuration of the PPy-EAP actuator at that instant. As the PPyEAP actuator’s kinematic model is hyper-redundant, its kinematic configuration or
backbone curve at a given time can form an excessive number of solutions. The exact
inverse kinematic solution that we are searching for can be obtained by controlling
the initial conditions, boundary and constraints applied in the AngleOPT. An
adaptive boundary-constraints approach has been, therefore, used to adaptively
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calculate the boundary and constraints at every instant and apply them into the
AngleOPT in order to guide the non-linear optimization algorithm to find accurate
kinematic configurations corresponding to the real shape of the PPy-EAP actuator.
The adaptive boundary-constraint approach is outlined for the kinematic model with
16-DoF in Fig.3.8. As articulated above, the boundaries and constraints are
calculated based on physical conditions and constraints of the real PPy-EAP actuator.
First, the initial inequality values

for joint angles are assigned. Then these

inequalities are changed by time using the coefficient . These inequalities constrain
the joint angles to certain values depending on the electrical input. Also, a continuous
relationship between neighbouring joint angles

is assigned to ensure

that the calculated joint angles closer to the free end of the PPy-EAP actuator are
larger than the joint angles closer to the fixed end.

and

are the time increment

and the final time, respectively that at each time increment, the boundaries and
constraints are adaptively changed as the real PPy-EAP actuator’s bending
configuration changes.
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Fig.3.8. Adaptive boundary-constraint application to the 16-DoF hyper-redundant kinematic model.
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3.3.3 Integrating Input Voltage into the Hyper-Redundant Kinematic
Model of the PPy-EAP Actuator
Extracting the tip positions of the PPy-EAP actuator from an experimental method
(e.g. image processing, laser measurement systems) is not a practical approach to
estimate the whole shape of the PPy-EAP actuators. Instead, we establish a
parametric model in order to obtain a relation between the input voltage and the tip
positions of the PPy-EAP actuator.
The parametric model estimates the tip positions of the PPy-EAP actuator as a
function of time for a given input voltage. Incorporating this parametric model into
the AngleOPT will result in a complete model based on an electrical input and the
inverse kinematic shape estimation output in real time. This approach is adapted
from Alici [45] where the parametric model is employed to estimate the positions of
the PPy-EAP actuators at the steady state. We here extend this parametric approach
to the actuator positions in the transient state. The tip positions of the PPy-EAP
actuator as a function of time under a constant electrical stimulus is given by a
quintic polynomial
(3.16)
(3.17)
where is time,

and

are the coefficients (as a function of input voltage)

of the parametric models of tip coordinates.
This parametric model is valid for the PPy-EAP actuators with the same dimensions,
20

3

0.17 mm. However, the parametric model can be extended to estimate the

tip displacements of different size PPy-EAP actuators including the dimensions as a
parameter. The tip position estimation results under a range of electrical inputs (0.0 1.0 V) are given in Figures 3.9 and 3.10.
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Fig.3.9. X coordinate of the tip position estimation using Eq.3.16.

Fig.3.10. Y coordinate of the tip position estimation using Eq.17.

3.3.4 Hyper-Redundant Kinematic Model Validation
The 16-DoF hyper-redundant kinematic model (Eq.3.18) of the PPy-EAP actuator
has been used to validate the proposed soft robotic kinematic model based on the
backbone curve. The 16-DoF hyper-redundant kinematic model was then solved
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using the AngleOPT to obtain the joint variables, therefore joint trajectories, for
given tip coordinates. The continuity of the backbone curve of the hyper-redundant
kinematic model from one link to the next link has been assured by applying the
adaptive boundary-constraints which should demonstrate a shape correspondence
between the 16-DoF hyper-redundant kinematic model and the real PPy-EAP
actuator – the continuum structure. For the tip coordinates (X, Y) of the PPy-EAP
actuator, the 16-DoF hyper-redundant inverse kinematic model, which is the cost
function, ‘ ’ to be minimized in the AngleOPT, is given as
(

[

]

[ ])

The numerical results from the AngleOPT for the input voltage range of 0.0 - 1.0 V
are presented in Fig.3.11. The transient kinematic configurations of the 16-DoF
hyper-redundant model and the real PPy-EAP actuator are shown in Figures 3.123.15 which show the motion patterns of the PPy-EAP actuator and the model from
the neutral state (aligned in the y-axis) to the final state. Figures 3.12 - 3.15 show the
PPy-EAP actuator’s actuation cycle under 0.25 V, 0.50 V, 0.75 V and 1.0 V step
input voltages, respectively. The joint variables calculated show a satisfactory shape
correspondence between the real PPy-EAP actuator and the 16-DoF hyper-redundant
model.
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0.00 V
0.25 V
0.50 V
0.75 V
1.00 V

Fig.3.11. Inverse kinematic shape estimation results of the 16-DoF hyper redundant model of the PPyEAP actuator: complete soft robotic actuator representations, initial and final configurations under 0.0
- 1.0 V (All results are plotted to show the EAP actuator’s maximum bending under a range of voltage
inputs).

time: 21.00 s
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x [mm]
Fig.3.12. Shape correspondence between the 16-DoF hyper redundant model (light green – pink
dotted line shows sequence of the model’s configuration, and light green – red dotted line shows final
configuration) and the PPy-EAP actuator (thick black curve as it is on the background of the figure /
in its final configuration) under 0.25 V. Red line is the experimentally obtained tip path. (Final
configuration of both the PPy-EAP actuator and the 16-DoF hyper-redundant model is shown in the
inner image on the right with reference frames).
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Fig.3.13. Shape correspondence between the 16-DoF hyper redundant model and the PPy-EAP
actuator under 0.50 V.—
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Fig.3.14. Shape correspondence between the 16-DoF hyper redundant model and the PPy-EAP
actuator under 0.75 V.—
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Fig.3.15. Shape correspondence between the 16-DoF hyper redundant model and the PPy-EAP
actuator under 1.00V. —

3.3.4.1 Error Assessment -RMS
The accuracy of the hyper-redundant inverse kinematic model and its solutions is
evaluated by calculating the root mean square (RMS) of the tip position error. The
RMS is applied to the error between the experimental tip displacement data extracted
from the images and the tip data re-generated from the joint angular positions
estimated by the AngleOPT and the Jacobian methods for a comparison. The RMS
error for the tip data is calculated from

√

∑

√

∑

The RMS errors between the re-generated and experimentally obtained tip
coordinates are given for various electrical inputs in Table 3.1. The close
correspondence between the experimental and numerical results demonstrates the
efficacy of the AngleOPT method, and the constraints and conditions applied while
solving the hyper-redundant inverse kinematic model. The RMS errors between the
experimental and tip coordinates re-generated from the estimated joint angular
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positions are possibly due to numerical truncations and experimental measurement
errors. Also, the RMS errors are calculated using the re-generated tip coordinates
estimated by employing the Jacobian matrix method for the inverse kinematic
calculations and experimentally obtained tip coordinates in Table 3.2 as a
comparison to our optimization based approach, the AngleOPT. For given tip
coordinates (X, Y) of the 16-DoF hyper-redundant kinematic model of the PPy-EAP
actuator, the well-known Jacobian method is given by
[ ̇]

̇

(3.21)

̇

[ ̇]

(3.22)

where pseudo-inverse of the Jacobian matrix is described as
(3.23)
where

[

]

(3.24)

The RMS results indicate that the AngleOPT method is highly effective in solving
the inverse kinematic problem for a hyper-redundant robotic system. On the other
hand, the Jacobian matrix method cannot estimate the joint angles accurately,
especially when the configuration increments are not small enough. One of the main
reasons for this inaccuracy of the Jacobian matrix method for the inverse kinematic
solution of the hyper-redundant systems is the numerical instabilities associated with
calculating the inverse Jacobian matrix, especially in the vicinity of the singular
positions. In addition to this, the Jacobian matrix method has no control over the
calculated joint angular positions which should result in a continuum body
configuration of the PPy-EAP actuator (bending shapes) at every instant. As
articulated

above,

the

AngleOPT

method

guarantees

this

configuration

correspondence between the 16-DoF hyper-redundant model and the real the PPyEAP actuator accurately.
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TABLE 3.1. RMS errors between experimentally obtained and re-generated tip positions under step
voltage inputs, 0.25 - 1.0 V –solved by the AngleOPT.
RMS
[mm]

0.25 V

0.5V

0.75 V

1.0 V

x

0.4511

0.7115

0.8456

0.4319

y

0.6115

0.7829

0.4749

0.3846

TABLE 3.2. RMS errors between experimentally obtained and re-generated tip positions under step
voltage inputs, 0.25 - 1.0 V –solved by the pseudo-inverse Jacobian method.
RMS
[mm]

0.25 V

0.5V

0.75 V

1.0 V

x

5.2610

11.3015

5.8409

11.8415

y

1.2846

8.6389

23.3172

35.1489

3.3.4.2 Estimating Angular Velocity and Acceleration
We estimate the velocity and acceleration of the actuator tip point from the angular
velocity and acceleration of all joints of the 16-DoF hyper-redundant model. Three
methods have been used to predict the velocity and acceleration of the PPy-EAP
actuator; (i) an approximation method which uses the differentiation of the angular
displacements of the joints

, (ii) the AngleOPT method and (iii) the

Jacobian matrix method. The required angular displacements for all three methods
are provided from the AngleOPT inverse kinematic results.
As shown in Figures 3.16 − 3.18, the AngleOPT method is more effective than the
Jacobian method in estimating the angular velocities of the 16-DoF hyper-redundant
kinematic model. The reason is that the Jacobian matrix method suffers from the
numerical instabilities, problems associated with the matrix inversion and singularity
problems as articulated above. Unlike the Jacobian matrix method, the AngleOPT
method accurately estimates the angular velocities of the PPy-EAP actuator’s hyperredundant kinematic model. The same methods can be utilized to estimate the joint
angular accelerations. The angular acceleration estimation of the PPy-EAP actuator’s
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16-DoF hyper-redundant kinematic model is shown in Fig.3.18. The angular velocity
and acceleration results are demonstrated for 1.0 V step input voltage only for the
sake of brevity.
Angular Acceleration, rad/s2

Angular Velocity, rad/s
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Fig.3.16. Angular velocity (left) and acceleration (right) results of the 16-DoF hyper-redundant
kinematic model of the PPy-EAP actuator under 1.0 V. The results are given for 0 – 15 s for 1. – 4.
joints.
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15

Fig.3.17. Angular velocity results of the 16-DoF
hyper-redundant kinematic model of the PPy-EAP
actuator under 1.0 V.
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Fig.3.18. Angular acceleration results of the 16DoF hyper-redundant kinematic model of the
PPy-EAP actuator under 1.0 V.

3.4 Conclusions
Bending type PPy-EAP actuators have been modelled kinematically like a soft
robotic structure by formulating their backbone curve. They have been simulated
solving the hyper-redundant inverse kinematic model by employing the AngleOPT, a
nonlinear constraint optimization method, with the adaptive boundary-constraint
approach proposed in this thesis. The PPy-EAP actuator’s continuous bending shape
(kinematic configurations), velocity and acceleration have been determined using the
16-DoF hyper-redundant kinematic model’s inverse kinematic solutions. The
advantage of the proposed methodology is that it can be applied to the solution of the
inverse kinematic problem of any DoF hyper-redundant and soft robotic structures
including artificial muscles like highly flexible EAP actuators.
For the completeness of the model, we have also presented a parametric tip position
estimation method, which determines the tip positions as inputs for the inverse
kinematic shape estimation algorithm, the AngleOPT. The AngleOPT demonstrates a
better performance than the conventional Jacobian inversion method when estimating
not only the shapes of the PPy-EAP actuator continuously but also an efficient tool to
determine the angular velocity and angular accelerations of the PPy-EAP actuator.
Although the PPy-EAP actuators’ (i.e. tri-layer laminated) inverse kinematic shape
estimation have been demonstrated in this chapter, this methodology can be easily
adapted to estimate the bending displacements, therefore, the whole shape of other
bending type EAP actuators under an electrical stimulus.
EAP actuator’s bending shapes can be controlled (i.e. open loop) with no feedback
sensor requirement by solving the soft hyper-redundant kinematic model of the EAP
actuator with the AngleOPT. Estimating the whole shape configuration of activecontinuum structures based on smart actuators such as the EAP actuators can find a
place in biomedical applications as a catheter with a built-in actuation or guiding a
cochlear implant through a 3D spiral structure [53, 83] if they are designed for these
tasks.
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Chapter 4

Kinematic Model of Helix Forming PPy-EAP
Actuators
4.1 Introduction
Spiral and helical geometries are the most common structures found in several places
in biological systems.

DNA and most of the protein structures have helical

configurations [84]; bacteria (e.g. Escherichia coli) propels itself by forming its
flagella filament into helical forms, sea shells form 3D spiral structures (e.g. Pearly
Nautilus) and rotating galaxies in astrology (e.g. Fibonacci spiral), and climbing or
twining plants grow spiral and helical tendrils [85]. However, establishing
biologically inspired mechanisms or systems is quite complex and requires smart
materials to build from, and also requires a special approach to their modelling. The
EAP actuators exhibit many similarities to those biological systems in terms of
working principles. Mutlu & Alici [53] demonstrated a PPy based EAP polymer
actuator forming a helical configuration from an initially planar spiral form. Li et al.
demonstrated an active stent articulated by an IPMC actuator fabricated as a binormal helix that the helical IPMC actuator exhibits a radial expansion [86]. Carpi et
al. used a dielectric elastomer actuator which is cut into a normal helix shape from a
dielectric elastomer tube in order to produce an axial contraction (i.e. -5%) [87].
Tadesse et al. [35] proposed artificial facial muscles based on helical polymer
actuators fabricated using a method proposed by Ding et al. [36]. The fabrication
procedure is quite complex; when a Platinum (Pt) wire is wound around a Pt core and
PPy film is deposited on the Pt core and the wire. Sareh & Rossiter [33] have
presented a conical helix motion inspired from Vorticella employing IPMC actuators.
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This work is similar to Mutlu & Alici’s [53] work reported earlier than the work in
[33].
Unlike the soft robotic manipulator and actuator studies conducted in the literature
employing conventional passive means [3, 4, 7, 8, 12, 75, 88-90], the EAP actuators,
also called artificial muscles, are more suitable for soft robotic manipulator or
actuator applications in and macro and micro domains [88]. They can easily adapt
unstructured environments (e.g. as an active catheter) due to their soft and highly
flexible structures. An EAP actuator can also be used for bioinspired micro robotic
applications such as bacteria swimming [53] or drug delivery [91]. As discussed in
previous chapters, the EAP actuators have been intensively studied last few decades.
However, their modelling approaches are limited to either low deformation or planar
bending assumptions. This chapter concerns (i) building a soft robotic structure made
from the PPy-EAP actuator which forms a helical 3D shape: from a simple 2D
configuration to a 3D configuration, and (ii) developing a 3D kinematic model and
solving the kinematic model in order to estimate the PPy-EAP actuator helix
configurations under electrical inputs.
This chapter establishes two kinematic models for helix forming PPy-EAP actuators
in cylindrical and spherical coordinates. The kinematic models are then solved by
employing a mode-shape approach in order to obtain the inverse kinematic solutions
of the helix forming PPy-EAP actuators. The proposed methodology has been
validated for the PPy-EAP actuators under a range of voltage inputs. The tip
positions of the PPy-EAP actuators have been obtained using an image processing
system to estimate the whole helical shape of the PPy-EAP actuator from the solution
of the kinematic model. The proposed helix forming PPy-EAP actuator fabrication
method is quite simple to implement since the PPy-EAP actuator is prepared as a
bulk sheet and planar spiral configuration is cut from the polymer sheet that the PPyEAP actuator forms itself into a conical helix shape when electrically stimulated (i.e.
operating like a lamina emergent mechanism).

4.2 Methodology and Preliminaries
The PPy-EAP actuators used in this chapter were prepared using the fabrication steps
described in Section 2.2. The PPy-EAP actuators were cut into spiral shapes
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(mathematical description of the spirals and their drawings are presented in Section
4.3) by employing the laser cutting procedure described in Section 2.3. The spiral
PPy-EAP actuators were cut into four main sizes; 21 mm, 17 mm, 10.5 mm and 8.5
mm in the outer diameter of the spiral, but in different widths. The electrolyte
solution, 0.1 M Li+TFSI- in PC, was used in all experiments. The PPy-EAP actuators
were clamped by permanent magnets (as the electrical contacts) in the centre of the
spiral PPy-EAP actuators and were actuated with a square-wave input voltage (i.e.
0.5 - 1.5 V depending on the size of the spiral PPy-EAP actuator) for ~30 seconds
prior to each test to reduce the displacement differences seen in initial displacement
cycles. The helix forming spiral PPy-EAP actuator will be called the PPy-EAP
actuator throughout this chapter unless otherwise stated.
The PPy-EAP actuators were placed in horizontal plane that the conical helix
forming actuation happens vertically. The PPy-EAP actuators were clamped using
permanent magnets in 1 mm and 3 mm in diameter which were gold coated in order
to reduce resistance and corrosion on the contacts. The step voltage inputs were
applied using these permanent magnet contacts placing them in the middle of the
spiral PPy-EAP actuator. The PPy-EAP actuators’ helix forming (i.e. twining)
motion was recorded using two cameras; one recording vertical displacement and the
other recording isometric view from the top-side. The recorded displacement data
(i.e. in vertical axis) of the PPy-EAP actuator was then analysed in order to obtain
the displacement parameters of the PPy-EAP actuators’ helix forming motion from
an initial spiral configuration. These displacement parameters are then used as the
inputs to the soft robotic actuator kinematic model of the helix forming PPy-EAP
actuator solved by the mode-shape approach.

4.2.1 Differential Geometry of Helix Forming Soft Robotic Actuator:
Backbone curve modelling in cylindrical and spherical coordinates
In classical differential geometry, a curve

is parameterised by its arc length

in 3D Euclidean space in cylindrical coordinates. Kinematics of a particle
along the curve
generalized coordinate

can be calculated from the tangent vector of the angular
since the position vector of the particle is described by
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[92]. The tangent, normal and bi-normal
unit vectors to the spatial curve

are described as

Tangent;

(4.1)
‖

Normal;
Bi-normal;

‖

b=txn

(4.2)
(4.3)

These unit vectors form the local coordinate frames of the links along the curve when
the curve represents a soft robotic structure’s backbone with an excessive number of
links as they are illustrated in Fig.3.1. The Frenet-Serret formulation describes the
motion of this local coordinate frame along the curve. As described in Chapter 3, the
formulas of the Frenet-Serret [92] are given by
,

(4.4)
,

(4.5)
(4.6)

where

is the curvature of the curve and is the torsion of the curve.

Once the local coordinate frames are determined from the parameterised equations of
the curve, which are elements of the position vector, the analytical model of the
curve can be obtained using Denavit-Hartenberg transformations. Whole
configuration of the soft robotic actuator/manipulator can then be determined using
individual link configurations and the Denavit-Hartenberg transformations. The
backbone curve of a helix forming soft robotic structure’s kinematic representation is
illustrated in Fig.4.1 in cylindrical coordinates including its local coordinate frames.
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Fig.4.1. Representation of a soft robotic structure’s backbone curve in helical configuration with local
coordinate frames in cylindrical coordinates.

Alternatively, a spatial curve
, in spherical coordinates (i.e.
curve

can be parameterised by its arc length,
and

). Kinematics of a particle along the

can be computed in the spherical coordinates from the unit tangents of

the angular generalized coordinates,

and

spatial curve because

, and the radial unit vectors to the
is the parameterised

position vector of the particle on the spatial curve and they are described as
First tangent;

(4.7)

Second tangent;

(4.8)

Radial;

(4.9)

These unit vectors compose the local coordinate frame of a link along the spatial
curve as the tangent, normal and bi-normal vectors, similar to the configuration in the
cylindrical kinematic model. Further, Denavit-Hartenberg transformation matrices
are employed for each link in order to obtain the whole spherical kinematic model.
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The local coordinate representation of the helix forming soft robotic actuator’s
kinematic model in spherical coordinates is depicted in Fig.4.2.
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Fig.4.2. Helix forming soft robotic actuator’s backbone curve with local coordinate frames in
spherical coordinates.

When the backbone curve is assumed to form the helical mode-shapes for the soft
robotic actuator, the forward kinematics is used to compute the configuration of the
backbone curve

of the helix forming soft robotic actuator (i.e. PPy-EAP

actuator).

4.2.2 Video Analysis and Image Processing
Detecting the PPy-EAP actuator’s helix forming kinematics is highly complex
compared to the cantilevered PPy-EAP actuator forming arc type shapes in 2D.
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Single-axis laser-based displacement measurement techniques would fail to measure
such a 3D motion. Further, the PPy-EAP actuator’s whole configuration change
needs to be determined rather than only obtaining the tip position of the PPy-EAP
actuator. There are some commercially available systems which can be used to detect
3D geometries and can reconstruct the real geometry using its parameterised scans.
However, these systems are expensive and have the drawback of scanning dynamic
geometries with a low accuracy. These systems can detect stationary geometries
accurately. The PPy-EAP actuator proposed in this chapter forms conical helix
shapes which require a continuous detection. To detect such a complex and
continuous motion pattern, a multi camera system can be placed in different
dimensions and the recorded videos can be analysed in order to obtain the shape
variations of the helix forming PPy-EAP actuator. We employed a two-camera
system; one for the isometric view and the other one for the vertical shape variation
detection (the PPy-EAP actuator operates vertically). Recorded videos are then
analysed to obtain the tip displacement data of the PPy-EAP actuator. Incremental
images are also extracted from the recorded videos to obtain the reference
configurations to be compared with the configurations estimated from the kinematic
model. The video analysis and image processing procedures are outlined in detail in
Section 2.4.1.

4.3 Model Development and Analysis in Cylindrical Coordinates
The helix forming PPy-EAP actuator is kinematically modelled that the inspiration
comes from the bacteria swimming. The PPy-EAP actuator’s kinematic model is
developed by employing the soft robotic modelling with the backbone curve
approach in cylindrical coordinates.
The spiral and helical backbone curve of the PPy-EAP actuator can be represented by
the parameterised position vector in the cylindrical coordinates as [93]
(4.10)
where
(4.11)
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(4.12)
(4.13)
where

, is the number of helix cycles (i.e. spiral/helical coils),

for right-handed helix and

is the height of the helix.

and

are the starting radius

and final radius of the spiral / helix, respectively as illustrated in Fig.4.3.
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Fig.4.3. Backbone curve of the spiral PPy-EAP:

A local coordinate frame

is the starting radius and

is the final radius.

in the coordinate system

is defined

for each link along the backbone curve by Eqs.4.1 – 4.3 and described as
(4.14)
where
(

)
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(4.14.1)

(

)

(4.14.2)
(4.14.3)

where

√( )

( )

( )
(4.15)

where
(4.15.1-3)

where

√(

)

(

)

(

)
(4.16)

This coordinate frame representation for each link allows us construct a
transformation matrix described as in Denavit-Hartenberg theory in 3D [94]. This
transformation matrix is

[

]

(4.17)

Since the position and orientation of each link has been obtained from Eqs.4.10 –
4.17, then the surface nodes of the PPy-EAP actuator’s soft robotic model can be
calculated from the cylindrical kinematic model using the formula
(4.18)
where

is torsion of the curve and is described by

[

First subscript in

]

(4.19)

indicates the tangential torque (i.e. torque about tangential

axis of each link) and the second subscript indicates the link number from the base
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coordinate system

. Also,

is the rotation angle for the torque with

a torque factor . The purpose of the torque factor is to simulate the lateral bending
of the helical PPy-EAP actuator. It must be noted that the PPy-EAP actuator is
initially in a 2D spiral configuration; as soon as it is stimulated, it not only bends
downward, but also bends laterally.

is the position vector of the surface nodes

of the PPy-EAP actuator’s soft robotic model with respect to origin of its local
coordinate frame

.

Equation 4.18 generates the full kinematic model of the helix forming PPy-EAP
actuator. In order to estimate the whole shape variation of the PPy-EAP actuator, the
independent variables (i.e. height parameter ( ), position angle ( ), final radius ( ))
are defined as a function of time. The initial and final configurations of the PPy-EAP
actuator’s soft robotic kinematic model in cylindrical coordinates are presented in
Fig.4.4.

Fig.4.4. Bending and twining behaviours of the PPy-EAP actuator’s soft robotic kinematic model in
cylindrical coordinates.

The PPy-EAP actuator’s cross section is rectangular due to its fabrication method.
The rectangular cross section of the PPy-EAP actuator is presented in the soft robotic
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kinematic model by 4 position vectors described in cylindrical coordinates.
Schematic of the cross section calculation is given in Fig.4.5. The cross sections of
the real PPy-EAP actuator might have negligible small (in micro-size) geometric
dimension differences due to fabrication process. However, the cross sections along
the length of the PPy-EAP actuator’s model are assumed to be constant.

2

1

3

4

Fig.4.5. Schematic of position vector computation for a cross section of the PPy-EAP actuator.

Three-coil spiral has been identified for an initial configuration of the PPy-EAP
actuator, as illustrated in Fig.4.6. The soft robotic kinematic model of the three-coil
PPy-EAP actuator consists of 60 links (segments). The backbone curve is a function
of the starting

and final radius

of the spiral; these radii are required for the

position calculation of each link and therefore, whole structure in the soft robotic
kinematic model in the cylindrical coordinates. As the PPy-EAP actuator is fixed at
the starting radius, the final radius of the backbone of the PPy-EAP needs to be
computed prior to the next movement step (i.e. next helical mode-shape) of the PPyEAP actuator. In order to do that, we assume that the PPy-EAP actuator is nonextensive along the backbone curve for which total length

of the PPy-EAP actuator

is fixed. In classical differential geometry, a curve length

is approximated by

summing the links/segments along the curve [92]. The smaller are the, the more
accurate is the length approximation of the curve.
∫ √̇

̇
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̇

(4.20)

Fig.4.6. Initial spiral configuration of the PPy-EAP actuator for cylindrical kinematic model.

The soft robotic kinematic model developed in the cylindrical coordinates of the
PPy-EAP actuator will be called the PPy-EAP actuator’s cylindrical kinematic
model, unless otherwise noted. After constraining the backbone curve length of the
PPy-EAP actuator, the cylindrical kinematic model is implemented in MATLAB
with Symbolic Toolbox. The procedure followed to build cylindrical kinematic
model is depicted in an algorithm in Fig.4.7.
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Fig.4.7. Algorithm for the soft robotic cylindrical kinematic model development.

As the PPy-EAP actuator’s helix forming motion has two major bending behaviours
which are bending in the z-axis and rotating (twining) about z-axis. Those behaviours
are estimated in the cylindrical kinematic model as three parameters considered
above. The full kinematic behaviour of the helix forming PPy-EAP actuator which is
modelled with three links is illustrated in Figures 4.8 and 4.9. In the cylindrical
kinematic model, the EAP actuator’s shape is represented with a kinematically
described curve; the backbone curve. In addition, the parameters used in the threelink kinematic model for the PPy-EAP actuator are given in Table 4.1. These
67

parameters are chosen arbitrarily for the illustration purpose. Major experimental
work was conducted to verify the kinematic model and presented in Section 4.6
under the same conditions and in the same physical dimensions and constraints. For
the demonstration purpose, the final radius of the PPy-EAP actuator is approximated
by a change in the rate of the position angle

which estimates the final radius

accurate enough to have almost the same total length of the PPy-EAP actuator during
its helical motion. The numerical results are illustrated for three-cycle (60-link) PPyEAP in Figures 4.10 and 4.11.
TABLE 4.1. Parameters for the exact kinematic model of the three-link PPy-EAP actuator.
r1
[mm]

r2
[mm]

Cross section
radius [mm]

2

15

2

Helical
coil

Link
number

Height
factor

3

5

Rotation
rate
/2

Fig.4.8. The three-link PPy-EAP cylindrical kinematic model; initial configuration.
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Torque
rate
0.03

Fig.4.9. The three-link PPy-EAP cylindrical kinematic model; final configuration.

Fig.4.10. The three-cycle (60-link) PPy-EAP cylindrical kinematic model; initial configuration.
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Fig.4.11. The three-cycle (60-link) PPy-EAP cylindrical kinematic model; final configuration (solid
line is initial position and red dotted line is final position).

The same parameters are used in order to obtain the numerical results for the
kinematic model of the 60-link PPy-EAP actuator.

4.4 Model Development and Analysis in Spherical Coordinates
The soft robotic kinematic model in the spherical coordinates distinguishes from the
cylindrical kinematic model with some significant aspects such as the method
followed to compute the position vectors. The soft robotic kinematic model
developed in this section uses the spatial backbone curve of the PPy-EAP actuator
represented by the parameterised position vectors described in spherical coordinates.
This model will be called the spherical kinematic model of the PPy-EAP actuator
unless otherwise noted. Recalling Eq.4.10
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where

∑

∑

∑

where

is the angle about z-axis,

plane,

is the length of each link (link lengths along the backbone curve are equal)

and

is the angle between the position vector and xy-

for the right-handed helix. In the spherical kinematic model, the joints

are assumed to be spherical, which have a three-rotational-DoF (i.e. pitch, yaw and
roll).
The local coordinate frame (i.e.

) in the coordinate system (i.e.

) is defined for each link along the backbone curve by following the same
convention in Frenet-Serret frame calculation in Eqs.4.1-3 and described as
(4.24)
where
(4.24.1)

(4.24.2)

(4.24.3)

where

√( )

( )

( )
(4.25)

where
(4.25.1-3)
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√(

where

)

(

)

(

)
or

|

(4.26)

|

With these unit vector representations, the orthogonal coordinate frames are formed.
These frames will be used as the local coordinate systems. Devanit-Hartenberg
transformation matrices are utilised from those unit vectors as
[

]

(4.27)

It must be noted that the transformation matrix is the function of the angles only
and . It would be a function of the link lengths, , if the length of the links was
variable. However, the link lengths in the spherical kinematic model are constant as
the whole length of the PPy-EAP actuator does not change.
Since the position and orientation of each link have been derived from Equations
4.21 – 4.27, any spatial configuration of the PPy-EAP actuator’s whole structure can
be computed in the spherical coordinates using
(4.28)
where

is a rotation matrix and in our case

is used in order to obtain the

torsion (roll) along the helical backbone curve (i.e. lateral torsion) which is described
as

[

]

indicates the tangential torque about

(4.29)

and superscript

indicates the

number of the coordinate frame from the origin (i.e.

). The torsion angle

is proportional to the position angle and calculated as

where k is a torsion

factor. Also,

is the position vector describing the

position of the nodes on the PPy-EAP actuator with respect to the local coordinate
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frame on the backbone curve of the PPy-EAP actuator, where ‘ ’ is the radius of the
cross section which surrounds the rectangular cross section of the PPy-EAP actuator.
The same cross section calculation method has been used for the cylindrical
kinematic model of the PPy-EAP actuator, as illustrated in Fig.4.5.
In order to estimate the PPy-EAP actuator’s helical configurations using the spherical
soft robotic kinematic model, the joint variables ( and ) and the torsion factor ( )
should be determined. As the number of independent variables are high (because of
hyper-redundancy) in the spherical soft robotic kinematic model of the PPy-EAP
actuator, controlling these variables individually is virtually impossible. However,
the mode-shape approach we propose can be applied to the spherical soft robotic
kinematic model that the joint variables are determined from a mode-shape function
(i.e. helical modes/configurations) where these functions should be time-dependent
in order to estimate the kinematics of the helix forming PPy-EAP actuator. In other
words, the spherical kinematic model consists of rigid links and three-rotational-DoF
joints in which

and

are the main joint variables, and is the torsion angle as a

function of . A spiral and/or helical function can be described as a function of these
variables that the solution of this function at any instant will give the inverse
kinematic solution of the PPy-EAP actuator, therefore the PPy-EAP actuator’s timevariable shape configuration from the initially planar spiral to the final conical helix
form. These two configurations of the PPy-EAP actuator’s spherical soft robotic
kinematic model are illustrated in Fig.4.12.
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Initial configuration

Final configuration
Orthogonal local
coordinate frame

Fig.4.12. Bending and twining behaviour of the PPy-EAP actuator in the spherical soft robotic
kinematic model.

A three-coil spiral is used for the initial configuration in the spherical kinematic
model of the PPy-EAP actuator similar to the cylindrical kinematic model. The threecoil spiral PPy-EAP actuator’s spherical kinematic model has 50 links as illustrated
in Fig.4.12 – 4.13. It must be noted that in the spherical kinematic model, there is no
need for computing the final radius of the spiral/helix which is calculated in the
cylindrical kinematic model in order to form the rest of the whole structure of the
spiral PPy-EAP actuator. The final radius

is an initially required parameter in

order to compute the PPy-EAP actuator’s whole configuration in the cylindrical
kinematic model. On the other hand, a position vector on the backbone curve is
obtained by summing the position vectors up to the point from the base coordinate
frame (i.e. fixed point / centre of the spiral) in the spherical kinematic model, which
have no direct relation with the final radius of the spiral and/or helical backbone
curve of the PPy-EAP actuator. The links and joint angles together determine the
whole posture or configuration of the PPy-EAP actuator’s spherical kinematic model.
The procedure followed to develop the spherical soft robotic kinematic model of the
PPy-EAP actuator is outlined in the algorithm in Fig.4.14.
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Backbone curve

Fig.4.13. Initial spiral configuration of the spherical kinematic model of PPy-EAP actuator.
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Number of segments (n)
Time span

Determine initial configuration
 Equation 30; 𝜃𝑖
 Cross section: α
 Angle change rates for 𝜃𝑖 ,
𝜑𝑖
 Torsion rate about 𝑒𝑅




Compute

Model modification
Angle change rates
Torsion rate about 𝑒𝑅

Experimental comparison
Model vs. Experiments

Positions;
𝑛

∑ 𝑹𝑖 𝑥𝑖 𝑦𝑖 𝑧𝑖
Frenet frames;
𝑛

∑ 𝑒𝜃𝑖 𝑒𝜑𝑖 𝑒𝑅𝑖

Kinematic Eqs. Implementation into
MATLAB
𝒑 𝛼𝛾

𝑴 𝜃 𝜑

𝑻 𝒆𝒏 𝒋 𝜀

Change rate
inputs

𝒓 𝛼

Simulate

𝒑𝒊 𝜃 𝜑 𝜀

Fig.4.14. Algorithm for the spherical soft robotic kinematic model development.

The spherical kinematic model is implemented in MATLAB using the Symbolic
Toolbox. The initial and final configurations of a three-link spherical kinematic
model and a 50-link spherical kinematic model are demonstrated in Figures 4.15 –
4.18, respectively.
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Fig.4.15. Three-link spherical kinematic model of half-coil; initial configuration.

Fig.4.16. Three-link spherical kinematic model of half-coil; final configuration.
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Fig.4.17. The three-coil (50-link) PPy-EAP spherical kinematic model; initial configuration.

Fig.4.18. The three-coil (50-link) PPy-EAP spherical kinematic model; final configuration.
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It must be noted that, in the spherical kinematic model, the geometrical parameters
such as the initial and final radii do not exist anymore. While the helical forms of the
PPy-EAP actuator are estimated by the parametric equations, Eqs.4.11 - 4.13 in the
cylindrical kinematic model, in the spherical kinematic model, the helical forms are
estimated by describing a function (mode-shape function(s)) for joint variables such
that the continuum structure is assured in the solutions of the spherical kinematic
model (i.e. modelled as a hyper-redundant soft robotic actuator). The mode-shape
function of the angles does not only determine the joint angles along the backbone
curve of the PPy-EAP actuator, but also provides a relation between the joint angles
which reduces the complexity of the hyper-redundant soft robotic kinematic model
resolution problem. The function of the angles or mode-shape function would be
more appropriate to refer to when controlling the overall shape of the soft robotic
structure by regulating the relations between joints. This approach does not require a
direct control over each joint angle. Although there is not a unique function for
formulating the mode-shapes of the soft robotic structure, an empirical expression of
the mode-shapes, Eq.4.30, is used for estimating the helical configurations of the
PPy-EAP actuator using the 50-link (3-coil spiral/helix with equal link lengths)
spherical kinematic model. Eq.4.30 has been obtained by trial and error that for every
time increment ,

and

values are determined in order to obtain the instantaneous

helical configuration of the PPy-EAP actuator. Eq.4.30 relies on finding the spherical
angles,

and

, in such a way that their substitution in the spherical kinematic

model will generate the PPy-EAP actuator’s mode-shapes.
((

)

)

(4.30)

Although this function gives a reasonably accurate initial spiral configuration by
determining the joint angles along the PPy-EAP actuator’s spherical kinematic
model, it is hard to find such a function determining the spiral/helical shape of the
PPy-EAP actuator. The main reasons are; (i) links lengths are equal, and (ii) the
position vector calculation method is based on vector-summing which dramatically
increases the non-linearity of the kinematic model. Also, it is more complicated to
describe regular spirals/helices (e.g. Archimedean) by the spherical kinematic model
due to having the link lengths equal to the backbone curve of the PPy-EAP actuator’s
spherical kinematic model. Just the contrary, the cylindrical kinematic model is
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already in a parameterised mode-shape function form where estimating the helical
configurations is not straight forward but less sophisticated compared to the spherical
kinematic model. The initial and final angle variations (used for the kinematic
configurations of the PPy-EAP actuator’s spherical kinematic model in Figures 4.17
and 4.18) by the number of links along the backbone curve of the 50-link PPy-EAP
spherical kinematic model are depicted in Fig.4.19 by using Eq.4.30. The number of
links, 50, is obtained by considering the kinematic parameters of the helical PPyEAP actuator. These parameters include how many helical coils exist, the size of the
spiral/helix (e.g. outer diameter of the spiral/helix) and link lengths. As the number
of links changes, the number of the helical coils changes. The number of links
determines the whole kinematic configuration of the helical PPy-EAP actuator. A 3coil spiral has been chosen for the initial kinematic configuration the PPy-EAP
actuator in this chapter.
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Fig.4.19. Angle functions versus number of links. Angles are determined for each link by employing
Eq.4.30 in order to compute helical configurations of the PPy-EAP actuator in the spherical kinematic
model.
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4.5 Experimental Verification of Kinematic Model
Experiments were conducted to verify the helix forming PPy-EAP actuator’s
kinematics by employing the cylindrical kinematic model, which uses 60 links to
form the PPy-EAP actuator’s 3-coil spiral kinematic configuration. Although the
spherical kinematic model is more appropriate for further modelling work such as
dynamic modelling of the helix forming PPy-EAP actuator, it is quite difficult to find
mode-shapes of the helical configuration in the spherical coordinates. Experimental
work was accomplished for two tasks where the first task was to evaluate the
feasibility of the PPy-EAP actuator’s helix formability from a planar spiral shape and
the second task was to test the PPy-EAP actuator with different spiral dimensions.
A number of different spiral shapes were cut from the PPy-EAP actuator bulk sheet
using the laser cutting procedure. Details of the laser cutting procedure and
preparation of the spiral geometry are presented in Section 2.3. The experimental
work in estimating the helical configurations of the PPy-EAP actuator can be divided
into three major parts; (i) stimulating the spiral PPy-EAP actuator under a step input
voltage, (ii) recording the bending motion of the PPy-EAP actuator with the digital
camera aligned perpendicular to the bending motion plane of the PPy-EAP actuator
(i.e. bending and twining in vertical axis) and analysing the videos to extract the tip
positions of the helical PPy-EAP actuator, and (iii) solving the cylindrical kinematic
model in order to obtain a shape correspondence between the simulated helical
configuration and the real helical configuration of the PPy-EAP actuator and tune the
cylindrical kinematic model parameters for a better shape correspondence. The
experimental setup for actuating the PPy-EAP actuator is presented in Fig.4.20. The
electrical signals were generated in SIMULINK and applied through a potentiostat to
the centre point of the initially spiral PPy-EAP actuators in order to stimulate them.
The procedure followed in this chapter to obtain the tip displacement data and also
the final radius of the spiral/helical configuration) of the PPy-EAP actuator is slightly
different than the procedure described in Chapter 2 (i.e. the displacement
measurement system). As the initially spiral PPy-EAP actuator forms 3-dimensional
(i.e. helical) configurations, a multi camera system should be used in order to obtain
the tip displacement data in different dimensions (e.g. 3 cameras can be placed for
each axis reading; x, y, z). However, we used two cameras; one records the vertical
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displacement and the other records the isometric view. While the vertical
displacement videos are generally used in the image processing, the isometric view
camera is used to obtain more general picture of the whole helical configuration
formed by the PPy-EAP actuator.
Permanent magnet electrical contacts were used to clamp the spiral PPy-EAP
actuator prior to stimulation. Two different contact pairs were used; (i) 1 mm in
diameter and (ii) 3 mm in diameter which is gold coated and they are presented in
Fig.4.21. It must be noted that, the contact-pair in the middle has a smaller contact
area than the pair on the left on Fig.4.21. 3 mm in diameter gold coated contact pair
(in the middle on Fig.4.21) has several advantages over the other two contact pairs.
This contact pair clamps stronger than the contact pair 1 mm in diameter, therefore,
more responsive is the PPy-EAP actuator to a given electrical stimulus. Also, this
contact pair has less contact resistance (due to gold coating) and more resistant
against corrosion which increases the contact resistance significantly.

Fig.4.20. Experimental setup for the helix forming PPy-EAP actuator’s actuation and displacement
measurement and analysis.
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Fig.4.21. Permanent magnet electrical contacts.

The initially spiral PPy-EAP actuators are presented in Fig.4.22 after the laser cutting
process with their drawings (Fig.4.22.a).
(a)

(b)

Fig.4.22. Spiral PPy-EAP actuators; a. sketches, b. laser cut actuators (upper row: 8.5 mm, middle
row: 10.5 mm, lower row: 17 mm outer diameter).
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4.5.1 Deflection Analysis of The Helix Forming PPy-EAP Actuator
4.5.1.1 Experimental results with scalpel cut actuators
The three-coil spiral (i.e. 21 mm in its outer diameter) with 2 mm width was cut
from laminated PPy-EAP actuator bulk sheet with the same dimensions determined
in the cylindrical kinematic model. The gold coated electrical contacts were used to
apply the electrical input to the PPy-EAP actuator through the PPy layers from its
starting radius as demonstrated in Fig.4.23.

Fig.4.23. Initial spiral configuration of the PPy-EAP actuator (21 mm).

1.5 V step input was used to actuate the PPy-EAP actuator. The PPy-EAP actuator
helix forming motion was recorded and analysed for the deflection data using the
image/video processing algorithms. The deformation results are demonstrated in
Fig.4.24. The bending behaviour of the PPy-EAP actuator was observed in the
vertical direction which is in z-axis, as illustrated in Fig.4.24. However, a lateral
bending which is generally disregarded in the beam type bending of the PPy-EAP
also can play a significant role that the lateral deformation of the spiral PPy-EAP
actuator gives an extra twining displacement to the whole PPy-EAP actuator,
therefore, to the tip of the PPy-EAP actuator. The simulation results are given in
Fig.4.25.
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Fig.4.24. Experimental results for the helix forming PPy-EAP actuator (21 mm) cut by scalpel.

Fig.4.25. Simulation results for the helix forming PPy-EAP actuator (21 mm), (initial, black curve and
final, red-dotted curve configuration of the PPy-EAP actuator’s backbone curve is illustrated on side
and top views, 21 mm outer diameter. Blue star-marks are tip positions).
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4.5.1.2 Experimental results with laser cut actuators
The PPy-EAP actuator’s experimental and simulation results are given in Figures
4.26 – 4.31 (17 mm, 10.5 mm and 8.5 mm outer diameter, respectively). 1.5 V input
voltage was applied to stimulate the PPy-EAP actuators for every test.

z
x

y

Fig.4.26. Experimental results for the helix forming PPy-EAP actuator’s initial and final configuration
(17 mm outer diameter cut by laser). It must be noted that the actuator deflects under its own weight in
its initial configuration.

Fig.4.27. Simulation results for the helix forming PPy-EAP actuator (initial, black curve and final,
red-dotted curve configuration of the PPy-EAP actuator’s backbone curve is illustrated on side and top
views, 17 mm outer diameter. Blue star-marks are tip positions).
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Fig.4.28. Experimental results for the helix forming PPy-EAP actuator’s initial and final
configurations (10.5 mm outer diameter cut by laser).

Fig.4.29. Simulation results for the helix forming PPy-EAP actuator (initial, black curve and final,
red-dotted curve configuration of the PPy-EAP actuator’s backbone curve is illustrated on side and top
views, 10.5 mm outer diameter. Blue star-marks are tip positions).
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Fig.4.30. Experimental results for the helix forming PPy-EAP actuator’s initial and final
configurations (8.5 mm outer diameter cut by laser).

Fig.4.31. Simulation results for the helix forming PPy-EAP actuator (initial, black curve and final,
red-dotted curve configuration of the PPy-EAP actuator’s backbone curve is illustrated on side and top
views, 8.5 mm outer diameter. Blue star-marks are tip positions).

4.6 Potential Applications
Understanding the bending behaviours of the EAP actuators forming 3D shapes from
a simple 2D shape can open new applications such as micro swimmers with helical
propellers, micro spring-suspension systems, micro mixers, motion converters,
active-compliant lamina emergent mechanisms and combination of them. An
example to an active-compliant lamina emergent mechanism design combining
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helical spirals with the actuation principle proposed in this chapter is demonstrated in
Fig.4.32. Employing multiple spirals aligned properly as shown in Fig.4.32 stabilises
the mechanism while it operates. This active-compliant mechanism can be utilised as
a micro linear positioner. This is a novel application based on the helix forming PPy
actuators concept, not proposed in the literature.

Fig.4.32. A micro active-compliant lamina emergent mechanism as a linear positioner made of the
PPy-EAP actuators (3D CAD design after the mechanism electrically stimulated, on the left and
fabricated PPy-EAP mechanism before the electrical stimulation, on the right).

4.7 Conclusions
The laminated bending type PPy-EAP actuators have successfully been demonstrated
to form 3D shapes from a simple planar shape. The helix forming motion of the PPyEAP actuator has been modelled kinematically by employing the soft robotic
modelling approach, which is also called backbone curve approach, and simulated in
various sizes of the PPy-EAP actuator cut initially to a spiral shape. The kinematic
models have been derived in both cylindrical and spherical coordinates which
integrate the differential geometry with the conventional robotics kinematics,
Denavit-Hartenberg transformations that both models have their advantages and
disadvantages. While the spherical kinematic model can be useful for further
modelling work such as dynamic modelling due to the serially connected
manipulator like position vector calculation, the cylindrical kinematic model is less
complex to simulate, compared to the spherical kinematic model, due to a smaller
number of independent variables, which are the vertical displacement, rotation and
torsion factors. In order to simulate the spherical kinematic model, the model
requires a mode-shape function which describes the relations between the joint
variables and their variation in time. On the other hand, the cylindrical kinematic
model is already in its mode-shape form.
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Experimental results have demonstrated a satisfactory correlation with the simulation
results. The initial configuration (i.e. no electrical input) of the PPy-EAP actuators
had some initial deflection due to its own weight; the smaller is the PPy-EAP
actuator spiral, the smaller is the initial deflection, the stiffer the PPy-EAP actuator
is. As the PPy-EAP actuator size is smaller, the final deflected (i.e. formed helix)
shape has also less deflection. However, when the corrected deflection over the PPyEAP actuator’s outer diameter is considered, the vertical deflection is almost the
same for different size spiral PPy-EAP actuators. The initial deflection of the helical
PPy-EAP actuator has also been considered in the simulations and has been reflected
in the results; Figures 4.25, 4.27, 4.29 and 4.31. This type of motion generated by
artificial muscles is quite complex and challenging. However, the soft robotic
kinematic model of the helix forming PPy-EAP actuator is quite effective in
predicting the kinematic behaviour of these helical soft actuators.
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Chapter 5

Electromechanical Modelling of EAP Actuators
Based on Backbone Curve Approach
5.1 Introduction
Recent developments in computational systems allow us to simulate and estimate
potential issues in a system prior to its real implementation or manufacturing. There
are many commercially available software packages which can be used to simulate
robotic manipulators or structures with redundant degrees of freedom. However,
such software packages are not able to model the active structures based on smart
materials such as electroactive (EAP) polymer actuators —highly flexible smart
actuators with electro-chemo-mechanical properties. As presented in Chapter 3, there
is an increasing interest among researchers on soft robotic systems including soft
manipulators and actuators. Beside several dynamic modelling methodologies have
been proposed in the literature, a real robotic system is presented by a backbone
curve and modelled as a hyper-redundant system that the hyper-redundant modelling
is more suitable for control purposes.
Dynamics studies of a soft robotic manipulator or actuator examples in the literature
have been generally conducted based on passive soft materials with conventional
actuation

means

(i.e.

continuum)

or

redundant

versions

of

these

manipulators/actuators with serially connected rigid links/parts (i.e. discrete). On the
other hand, dynamic modelling techniques for a flexible structure include EulerBernoulli and Timoshenko transient beam theories with finite element methods, a
pseudo rigid body model and a backbone curve approach with Lagrangian
mechanics. A detailed review of those studies is presented by Dwivedy & Eberhard
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[95]. The backbone curve approach is the most popular modelling approach for
studying the dynamics of soft robotic manipulators and actuators. The first dynamic
modelling efforts based on the backbone curve approach are reported by Mochiyama
& Suzuki [96] and Chirikjian [20, 21]. In the light of this dynamic modelling
approach, an octopus arm by Yekutieli et al. [3, 97], an eel-like robot by Boyer et al.
[4], a snake robot by Matsuno and Sato [98] and elephant trunk by Tatlicioglu et al.
[99] are investigated. These studies were usually conducted for macro size
continuum manipulators with serially connected rigid links. Tatlicioglu et al.
investigated the extension capabilities of their elephant trunk robotic manipulator.
EAP actuators are soft and smart materials with extraordinary properties which
exhibit natural muscles like behaviours. As articulated in Chapter 3, the EAP
actuators are highly suitable materials for soft robotics. However, prior to employing
EAP actuators in such applications, their dynamic behaviours must be understood in
order to increase controllability of the EAP actuators’ not only their displacement
output but also their force output.
Several methodologies have been presented before in order to analyse and model the
EAP actuators’ behaviours based on chemical, electrical, mechanical properties and
parameters. In most of these studies, the EAP actuators are treated as a cantilever
beam to which an electrical stimulus is applied at its fixed-end and its output, its
free-end position, is measured [45, 48, 49, 70, 71]. Alici applied the classical beam
theory by taking non-linear effects into account in order to estimate non-linear
bending displacements of the PPy-EAP actuators [45]. While these studies focus on
the quasi-static bending behaviour of the EAP actuators, they do not consider
dynamic effects. An accurate model of the EAP actuators is crucial if they are to be
employed in advanced applications such as medical devices, micro robots, and
artificial organs/muscles as a soft robotic structure. As far as the EAP actuators are
concerned, there is still a lack of a reasonably accurate dynamic model which does
not only estimate the tip position estimation but also predicts their whole bending
behaviour as a function of time including their chemical, electrical and mechanical
properties or ideally combination of them. Developing an electro-chemo-mechanical
model of an EAP actuator to estimate its outputs not only for the tip displacement
(i.e. SISO system) but also as a whole structure would be extremely complex and
might be computationally inefficient. However, an electromechanical model of the
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EAP actuator including its electrical and mechanical properties will provide a
reliable control tool for estimating the EAP actuator’s behaviour [100, 101]. One can
find several methods to develop a dynamic model of a system. In general, two major
methods are commonly used; (i) to identify a transfer function based on the system’s
input/output behaviour (e.g. more suitable for SISO systems), (ii) to analyse
dynamics of the system by a mathematical model using the Newton-Euler method,
the Lagrangian or the Hamilton formulations based on the system’s physics (e.g.
suitable for both SISO and MIMO systems) [102].
This chapter employs the backbone curve approach (i.e. the PPy-EAP actuator as a
soft robotic structure) with Lagrangian mechanics formulation in order to model the
dynamic behaviour the PPy-EAP actuators. A direct dynamic parameter estimation
method is also used to determine the stiffness and damping parameters in the joints
of the PPy-EAP actuator’s hyper-redundant model developed. A blocking force (as a
function of time and input voltage) – internal bending moments relation is then
integrated into the dynamic model in order to obtain the soft robotic
electromechanical model of the PPy-EAP actuator.

5.2 System Methods and Materials
In this chapter, Lagrangian mechanics is used to obtain the dynamic equations of the
PPy-EAP actuator which is modelled as a hyper-redundant structure with serially
connected rigid links including elasticity and damping factors of the imaginary joints
between the rigid links of the PPy-EAP actuator model. Internal bending moments
(i.e. torques for every joint in the dynamic model) are calculated using a blocking
force − internal bending moment relation where the blocking force is a function of
the input voltage and time. Dynamic parameters such as the joint stiffness and
damping constants are estimated using the same hyper-redundant electromechanical
model developed and experimental data. After estimating the dynamic parameters of
the PPy-EAP actuator, the PPy-EAP actuator’s whole shape displacement is
simulated by solving the hyper-redundant electromechanical model under a range of
electrical stimuli: 0.0 - 1.0 V with increments of 0.25 V. The details of obtaining the
backbone curve of a soft structure are presented in Chapters 3 and 4.
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The image processing and force measurement systems described in Chapter 2 are
employed to obtain the tip positions and blocking force data of the PPy-EAP
actuators. The tip positions are used to calculate the inverse kinematic joint variables
of the PPy-EAP actuator by employing the AngleOPT method presented in Chapter
3. The blocking force data is used to obtain the internal bending moments as
mechanical loads in the hyper-redundant electromechanical model of the PPy-EAP
actuator.
The PPy-EAP actuators used in this chapter prepared following the procedure
described in Chapter 2. The PPy-EAP actuators were then cut from a bulk sheet to 20
3

0.17 mm in length, width and thickness, respectively. The actuation period of

the PPy-EAP actuators depends on the operation period of the step input voltage –the
PPy-EAP actuators were stimulated long enough to record their full motion cycle
from no input (i.e. straight) to fully bent form. For the blocking force measurement,
the PPy-EAP actuators were stimulated for same period of time as their tip
displacement measurements.

5.3 Hyper-Redundant Electromechanical Model Development of a
Cantilevered EAP Actuator
5.3.1 Dynamic Model
Dynamic modelling and analysis is carried out in three steps; (i) obtaining motion
equations of the EAP actuator’s backbone curve, (ii) identifying the dynamic model
parameters such as the stiffness and damping coefficients for each joint in the
dynamic model by a direct parameter estimation method and (iii) validating the
dynamic model for the input voltage and blocking force measurements. The dynamic
equations are obtained employing the discretised Lagrange formulations [103, 104].
The electromechanical model development procedure is outlined in Fig.5.1.
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Fig.5.1. Schematic of the electromechanical model development of the PPy-EAP actuator.

The kinetic energy of i-th segment on the backbone curve in 3-dimensional space can
be expressed as
{

[(

)

(
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) ]}
(5.1)

where

is the mass of the segment and

is the inertia tensor of the segment

measured from the mass centre of the segment ,which is given by

[

]

(5.2)

The total kinetic energy of the PPy-EAP actuator can be calculated by summing each
discretised section’s kinetic energy along the backbone curve of the PPy-EAP
actuator and is given by

∑
The potential energy of the actuator consists of two components; gravitational
potential energy and elastic potential energy. The gravitational potential energy of
each discretised section is given by
(5.4)
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where

is the gravity acceleration constant

is the vertical distance

between the centre of mass of i-th segment and the base plane. The total potential
energy due to the gravitational forces of the PPy-EAP is obtained as

∑
where n is the number of the discretised sections along the PPy-EAP actuator’s
hyper-redundant model.
The elastic potential energy of i-th segment due to the PPy-EAP actuator’s stiffness
is described as
(
where

,

and

)

are the torsional spring constants in ,

(5.6)
and

generalized

coordinates, respectively, which represent the elastic bending behaviour of the i-th
segment in 3D. This type of spring constant representation does not just allow us
determine different spring constants in every rotational generalized coordinates, but
also gives us the flexibility to consider different link lengths for the PPy-EAP
actuator model which results in different spring constants for each discretised
section’s elastic bending behaviour. The total potential energy due to the elastic
bending of the PPy-EAP actuator is given by

∑
where

is the elastic energy of the i-th discretised section on the PPy-EAP

actuator hyper-redundant model.
It must be noted that the potential energy due to extension of the PPy-EAP actuator is
not included in the potential energy. The reason is that, due to the operation principle
of the PPy-EAP actuator, the extensional displacement of the actuator is neglected
while the expansion and contraction in the PPy layers of the PPy-EAP actuator
balance the length variation.
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After obtaining the total kinetic and total potential energies of the whole PPy-EAP
actuator’s hyper-redundant model, the Lagrangian formulation is given in the
following form [103]
(5.8)
where

is the total kinetic energy and

is the total potential energy

including elastic and gravitational potential energies. By employing the Lagrangian,
the motion equations are obtained from

{
where

}
̇

{

̇} ,

(5.9)

represents the generalized coordinates at each joint which are ,

and .

is the torque (i.e. internal bending moment) at i-th joint. Also, i and k indicate the
joint number from the base frame and the generalized coordinate at i-th joint,
respectively. b indicates the damping coefficient in the rotational generalized
coordinates which consists of three components for each generalized coordinate;
and

,

.

Therefore, the motion equations of the PPy-EAP actuator’s soft robotic
electromechanical model in 3D can be written in a matrix-vector form as

) ̈

(

̇

(

)

(5.10)

It must be noted that the spatial dynamic model of the EAP actuator is represented by
rigid discretised sections (links) and spherical joints which have 3-rotational-DoF
(i.e.

and ). Therefore, the EAP actuator’s electromechanical model consists of

n x 3 nonlinear equations, where n is the number of the discretised sections.
However, the EAP actuators used and modelled in this chapter are cantilevered
beam-like structures operating in 2-dimensional space. This reduces the motion
equations from

to

number of equations. Also no gravitational force acts on

the EAP actuator, since the EAP actuators considered in this thesis operate in the
horizontal plane. It is assumed that the actuator does not bend along its width (its
width is not high enough to generate a transverse or anticlastic curvature [105], but
bends like a cantilevered slender beam. In addition, inertial effects are neglected in
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the dynamic model of the PPy-EAP actuator due to the fact that the PPy-EAP
actuator’s mass reflected at every joint is represented as a point mass with a
negligible diameter.

5.3.2 Internal Bending Moment – Input Voltage Relations
Bending type EAP actuators receive their operation ability from the volume change
in their active polymer layers. The stress field induced by the applied electrical
stimulus is responsible for the strain field (volume change) in the active polymer
layers. The stress field in the EAP actuators can be described as a mechanical load or
pressure as a function of the applied electrical stimulus [64, 72]. This mechanical
load as a function of time and input voltage can be described by using the blocking
force of the EAP actuator bending in one plane [45], as follows
( ) (
where

)

indicates the overall length of the EAP actuator. The negative sign indicates

that the mechanical load is in the opposite direction of the measured blocking force.
Using the free body diagram for each discretised section of the EAP actuator, the
equivalent bending moment applied, which is a function of time at each joint, is
calculated as
∑

(5.13)
where indicates the joint number along the backbone curve of the EAP actuator.
The electromechanical model of the PPy-EAP actuator is obtained by integrating this
input voltage – torque (i.e. internal bending moment) relation to the dynamic model
(Eq.5.10) of the cantilevered PPy-EAP actuator.
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5.3.3 Dynamic Parameter Identification
The elastic behaviour of the EAP actuators have been studied using classical strainstress approaches [106]. The assumption of a constant elasticity modulus of the EAP
actuator is also used in previous studies. The EAP actuators are active smart
materials which have properties dependent on several factors including electrical
input, ion diffusion, the geometry, porosity, and conductivity of the active layers,
electrolyte conductivity and its molarity. It must be noted that a condition dependent
elasticity modulus means a condition-dependent joint stiffness values in the dynamic
model developed in this chapter. Pseudo-rigid body models are used to predict the
bending behaviour of the flexure joints in compliant mechanisms [107]. The pseudorigid body modelling approach has similarities with the dynamic modelling approach
followed in this chapter, where the EAP actuator is represented by rigid links
connected with flexible revolute joints. However, the condition dependent elasticity
modulus has not been considered in the pseudo-rigid body models for flexure joints
in compliant mechanisms. Pseudo-rigid body models can be suitable for passive
beams with a constant elasticity modulus. However, for active materials like the EAP
actuators, there is a lack of data and methodologies to identify the conditiondependent elasticity modulus due to their complex multi-physics operation principle,
which is based on the series of electro-chemo-mechanical processes.
In this chapter, we use a direct dynamic parameter identification methodology to
identify the joint stiffness and damping parameters in the PPy-EAP actuator’s soft
robotic electromechanical model. We employ a nonlinear least square estimation
method to identify the joint stiffness and damping parameters using the
electromechanical model developed and experimental data.
Numerical estimation methods are generally sensitive to input data (i.e. experimental
joint trajectories). The smoother are the joint variables of the EAP actuator’s soft
robotic manipulator model, the more accurate is the dynamic parameter
identification. Although the AngleOPT optimization based inverse kinematic
solutions of the EAP actuator’s kinematic model is quite reliable for accurate
configuration estimation, it needs a special attention for its boundary/constraint(s) in
order to obtain smooth inverse kinematic solutions which are the joint variables to be
used in the direct dynamic parameter identification.
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For more accurate parameter identification, we propose an analytical method to
determine joint variables by using s-curve type harmonic sine and cosine functions
fitting to the AngleOPT inverse kinematic solutions,

∑∑

̇

̈

where

( )

∑∑

( )

∑∑

( )

is the amplitude and

is the frequency of the harmonic functions,

indicates time increment, and DoF indicates the number of discretised section or
joints. An example to this type of joint trajectory or variable generation for a 4-DoF
soft robotic manipulator is demonstrated in Fig.5.2. The joint trajectories for the 16DoF soft hyper-redundant model of the PPy-EAP actuator are obtained using the
same procedure. The inverse kinematic solutions with
in the same plots.
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Fig.5.2. 4-DoF model joint space trajectories – an example (joint number increases where lowest data
belongs to final joint; ).

Using the direct dynamic parameter identification, the EAP actuator’s dynamic
model parameters, which are the joint stiffness and damping values, are estimated
using the following non-linear least-squares formulation;

∑∑

where
and

̇

̈

is the k-th element of right side of the Eq.5.10,

is the standard deviation

represents unknown parameters (joint stiffness and damping values). This

optimization problem can be solved using either Newton interior-reflective or
Levenberg-Marquardt iterative search methods. Both algorithms can handle large
scale non-linear problems.
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5.4 Experimental Model Evaluation: A soft robotic
electromechanical model
The proposed soft robotic electromechanical model is evaluated using a 16-DoF
hyper-redundant model of the PPy-EAP actuator. The bending motion of the PPyEAP actuator is regenerated by calculating the inverse kinematic joint variables of
the actuator by employing the AngleOPT method described in Chapter 3.
Experimental procedure can be outlined as
o Obtain time varying tip positions of the PPy-EAP actuator,
o Calculate the inverse kinematic joint variables of the 16-DoF hyperredundant model of the PPy-EAP actuator
o Smooth the discrete inverse kinematic solutions by using analytical joint
space determination method (Eqs.5.14 − 5.16)
o Obtain the internal bending moments (Eqs.5.11 − 5.13) from the measured
blocking force which is as a function time
o Identify the stiffness and damping factors for the 16-DoF hyper-redundant
dynamic model using the direct dynamic parameter identification method
(Eq.5.17)
o Solve the 16-DoF hyper-redundant electromechanical model in state-space
form in order to obtain the displacement, velocity and acceleration of the
PPy-EAP actuator.
The schematic of the experimental setup and the 16-DoF hyper-redundant
electromechanical model validation is presented in Fig.5.3.
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Fig.5.3. Schematic of experimental setup and the electromechanical model validation.

The components of the experimental setup and their use are given in detail in
Chapter 2. However, the electromechanical model validation consists of two
measurement systems which are the image processing system for the tip position data
acquisition and blocking force measurement system. The PPy-EAP actuators used in
the experiments had the same dimensions, 20

3

0.17 mm, in length, width and

thickness, respectively. The experiments were conducted by applying a range of
electrical inputs to the PPy-EAP actuator for the tip position data extraction and
blocking force measurement tests. The same PPy-EAP actuators were used to obtain
the tip positions and blocking force data of the actuators and same conditions applied
for all the tests.
The inverse kinematic joint variables results for the 16-DoF hyper-redundant model
comparing with the real PPy-EAP actuator are presented in Figures 5.4 − 5.8 under
the electrical inputs range 0.0 − 1.0 V with 0.25 V increments.
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5.4.1 Stiffness and Damping Parameters Evaluation
Smooth joint trajectories are vital for precise dynamic parameter estimation. Joint
trajectories may not be smooth due to inaccuracies associated with the tip position
measurement based on the image processing algorithm. Scattered and discrete joint
trajectories will result in inaccurate dynamic parameters, which are the stiffness and
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damping factors for each joint of the 16-DoF hyper-redundant electromechanical
model. Therefore, a special attention should be paid to obtaining smooth tip position
data: the tip position data should be smoothened in order to increase the accuracy of
the dynamic parameter estimation. The bending behaviour of the PPy-EAP actuator
was simulated using flexible and damped joints in the hyper-redundant model of the
actuator. In the light of this, the joint space trajectories calculated by the AngleOPT
method are used as the reference trajectories in order to obtain the smoother joint
trajectories analytically by employing Eqs.5.14 − 5.16. The direct dynamic parameter
identification method (Eq.5.17) is then employed to estimate the joint stiffness and
damping parameters of the PPy-EAP actuator’s 16-DoF hyper-redundant dynamic
model. The joint stiffness and damping parameters are shown in Fig.5.9 for the
electrical inputs from 0.25 V to 1.0 V, with the steps of 0.25 V.

Fig.5.9. Joint stiffness and damping parameters under 0.25 - 1.00 V.

It must be noted that the joint stiffness and damping parameters change with input
voltage. Calculating the stiffness or modulus of elasticity of smart actuators is a
challenging task. With the proposed electromechanical modelling and parameter
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estimation method, the condition-dependent elastic properties of the EAP actuator
can be determined effectively.

5.4.2 Electromechanical Model Validation
The electromechanical model with 16-DoF is validated by comparing the PPy-EAP
actuator’s bending shapes. The internal bending moments for different electrical
inputs are calculated after obtaining the blocking force data of the PPy-EAP actuator
for 0.0 V to 1.0 V with 0.25 V increments. The internal bending moments calculated
for each joint of the PPy-EAP actuator’s 16-DoF electromechanical model are given
in Figures 5.10 − 5.13.
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After identifying the joint stiffness and damping parameters of the PPy-EAP
actuator, the electromechanical model is further validated using the joint stiffness
and damping parameters. The equations of motion for the PPy-EAP actuator are
solved numerically and the results are shown in Figures 5.10 - 5.13 and 5.14 - 5.17
corresponding to the real actuator configurations. To demonstrate the efficacy of the
model in estimating the tip deflections, a new set of experimental results were
generated to compare them with the numerical results obtained from the solution of
the dynamic model with the identified dynamic parameters. The steady-state
positions (final) of the actuator under 0.25 V, 0.50 V, 0.75 V and 1.00 V are shown
in Figures 5.14 - 5.17, which show an excellent correspondence between the
numerical and experimental results.
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Fig.5.14. Comparison between the 16-DoF electromechanical model (red dotted cyan curve) and the
PPy-EAP actuator (black thick curve at the background image) under 0.25 V input voltage (black
dotted line is initial state of both model and the actuator.

Fig.5.15. − 0.50 V input voltage.
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Fig.5.16. − 0.75 V input voltage.

Fig.5.17. − 1.00V input voltage.

5.5 Potential Applications
Potential applications of the soft robotic electromechanical model of the bending
type EAP actuator are numerous. As this type of electromechanical model estimates
not only the tip displacement of the EAP actuator but also estimates whole shape of
the flexible actuator including its dynamic parameters and electrical properties of the
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actuator. Also, this electromechanical model can find place in identifying dynamic
parameters of such active and highly flexible materials like EAP actuators, which
have condition-dependent elastic properties. The electromechanical model for the
hyper-redundant soft robotic structure developed here will enable applications where
not only the displacement but also force relationships are required such as a
continuously-stable switch application – converting bending motion to a linear
motion [64], active compliant mechanisms, biomedical applications and bioinspired
micro-robotic devices.

5.6 Conclusions
An effective methodology is presented to analyse and model the PPy-EAP actuators’
electromechanical behaviour as a highly flexible and active structure. This
methodology integrates the backbone curve modelling approach for the soft robotic
structures (i.e. kinematic and dynamic models), the direct dynamic parameter
identification, image processing system and force measurement system in order to
obtain the hyper-redundant electromechanical model for the EAP actuator. The
effectiveness of this methodology has been demonstrated for the tri-layer laminated
PPy-EAP actuator considered as a soft robotic structure. The proposed method
provides not only a reliable tool for estimating the EAP actuator’s parameters but
also solves the EAP actuator’s inverse kinematics and dynamics problems in order to
find their time-varying configurations. The electromechanical model presented in
this chapter helps us understand the highly non-linear bending behaviour of the EAP
actuators under higher electrical inputs (up to ~1.0 V). Further, it estimates the whole
structure bending behaviour (kinematic and dynamic) of the EAP actuator, which is
suitable to a broad range of applications including active compliant mechanisms,
biomedical

applications

and

bioinspired

micro-robotic

devices.

The

electromechanical model proposed herein will enable the control of the EAP
actuators with no feedback required.
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Chapter 6

Shape Estimation in Soft Robotics with Optimization
Based Inverse Kinematic Solutions
6.1 Introduction
Optimization has been an important tool in decision making and adjusting the
variables or inputs of a system or an objective function(s) to minimize or maximize
that system’s cost or output. Optimization has been utilised in many areas including
in daily life or in scientific disciplines: engineering, economics, physics, commerce,
social sciences etc. Especially in engineering, optimization tools have found places in
a broad range of applications such as construction design, circuits, modelling, control
systems, dynamic systems, characterisation, curve fitting, quality control, parameter
identification, cost reduction, feasibility assessment and many more. In an
optimization process, the system or the function to be assessed for its optimum is
generally called cost or objective function. Finding the best for this objective
function evolves in the optimization process where variables of the objective
function are searched that those variables give the objective function’s optima (i.e.
maxima or minima). A large stock of information can be found in many books about
optimization techniques including their working principles and their applicability to
real-life problems [108-111]. However, in general, four approaches are available for
optimization;
1. Analytical methods
2. Numerical methods
3. Graphical methods
4. Experimental methods
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Analytical methods can be used for differentiable functions or the systems which can
be mathematically formulated such that the derivatives of the objective function are
used to calculate the gradient and Hessian of the objective function. The gradient and
the Hessian of the objective function are the objective function’s first and second
derivatives, respectively. If a set of variables makes the objective function’s gradient
zero, this set of variables is the possible optimum variables of this objective function.
While this set of variables makes the objective function’s Hessian greater than zero,
the objective function at that point has its local or global minimum. On the other
hand, if the set of variables found makes the objective function’s Hessian value less
than zero, this set of variables is likely the objective function’s maximiser. Analytical
methods have a drawback that they cannot be applied to problems with a high
number of independent variables.
Numerical methods unlike analytical methods are based on iterative numerical
procedures which can be programmed to search highly non-linear problems’ optima.
Numerical optimization methods are also referred to as mathematical programming
methods. Researchers have drawn significant attention to numerical optimization
methods due to recent developments in computing technologies. In general,
numerical optimization programming methods can be divided into linear, integer,
quadratic, nonlinear, dynamic programming methods and their combinations.
Evolutionary optimization methods which are inspired by biological evolution can
also be included in the numerical optimization methods. Recently popular
optimization methods such as genetic algorithms, swarm intelligence like a particle
swarm, ant colony, and parallel simulated annealing algorithms have been developed
as the evolutionary optimization methods.
Graphical methods can be used for problems with the number of variables less than
three. For example, if the objective function has two variables, then the objective
function can be plotted as surface contours which will reveal the objective function’s
minima and maxima.
Experimental methods can be used for problems where the interaction of variables
with the objective function or problem is not high. In experimental methods, the
variables of the objective function are tuned manually in order to find optimum
points. If there is an interaction between some variables, these variables must be
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adjusted simultaneously. Searching for these variables separately reduces the
possibility of finding the optimum of the objective function or the system optimized.
Experimental methods are not reliable for non-linear problems which have a lot of
interaction between variables.
Beside revolutionary developments in computer technologies and optimization
algorithms, researchers in robotics have always searched for alternative methods to
solve kinematics and dynamics problems of robotic manipulators. Especially for soft
robotic manipulators or actuators, the optimization techniques can be very important
tools to estimate their parameters, solve their models for design optimisation and
control. The position of a robotic manipulator’s end-effector is best specified in
Cartesian space as it is their natural task-specification space. The conversion of the
end-effector’s position from the Cartesian space into the joint space is called inverse
kinematics. There are several methods to obtain the inverse kinematic conversion
such as algebraic, geometric, Jacobian matrix inversion based iterative approaches.
However, these approaches are inefficient at inverse kinematic calculations of soft
robotic manipulators with hyper-redundancy where an infinite number of solutions
exist due to a high number of joint variables unless their redundancy is reduced. The
higher is the number of joints or independent variables in the robotic manipulator’s
model, the more difficult it is to obtain an optimum kinematic configuration for a
given end effector position. On the other hand, thanks to developments in computer
technology and computing science, many methods have been proposed to solve
inverse kinematics of redundant robotic manipulators numerically such as several
neural network approaches, genetic algorithms, several optimization methods and
combination of these methods [108, 109, 112-116].
In Chapters 3 - 5, we model the PPy-EAP actuator kinematically and dynamically
using the backbone curve approach (soft robotic manipulator analogy) where the
PPy-EAP actuator is modelled as a hyper-redundant system with 16 serially
connected rigid links. As the number of links of the PPy-EAP actuator’s hyperredundant model is high, the PPy-EAP actuator’s shape (kinematic configuration of
its hyper-redundant model) cannot be obtained by employing conventional methods
such as differential kinematics (i.e. inverting Jacobian matrix) or analytical methods
due to hyper redundancy. We convert the inverse kinematic problem of the PPy-EAP
actuator’s hyper-redundant kinematic model into a non-linear constraint optimization
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problem using the Sequential Quadratic Programming (SQP) [110, 117] by applying
inequality constraints and boundaries to the joint variables which reflect the physical
constraints of the real PPy-EAP actuator. In other words, we are not searching for an
optimum inverse kinematic solution for a given tip position of the PPy-EAP actuator.
We utilise the SQP non-linear constraint optimization algorithm to estimate the PPyEAP actuator’s shapes under electrical stimuli. Constraining the joint variables is
vital for this estimation process due to a high number of joints (therefore excessive
number of solutions) and also ensuring the continuity of the solutions (estimated
joint variables should form a continuum structure like the real PPy-EAP actuator). It
is virtually impossible to find an exact solution corresponding to the real PPy-EAP
actuator at every instant time of operation. A high number of joint variables means
excessive number of inverse kinematic solutions. The inverse kinematic problem of
the PPy-EAP actuator’s hyper-redundant model can also be called the inverse
kinematic shape estimation because a whole shape of the PPy-EAP actuator is
estimated by following the methodology of incorporating the backbone curve into the
model and the SQP optimization algorithm to estimate the whole shape variation of
the PPy-EAP actuator for given tip positions of the PPy-EAP actuator as a function
of time. In this inverse kinematic shape estimation methodology, the boundaries and
constraints assigned for the joint variables play a significant role for obtaining the
shapes or configurations corresponding those of the real PPy-EAP actuator while in
operation. The better is the guidance given to the optimization algorithm by
assigning appropriate boundary-constraints, the better is the shape correspondence
between the estimated backbone curve and the real PPy-EAP actuator. We propose
an algorithm to automatically and adaptively determine these proper boundaryconstraints for the inverse kinematic shape estimation procedure.

6.2 System Methods and Materials
We followed a number of steps to construct our inverse kinematic shape estimation
algorithm, the AngleOPT. In the AngleOPT, an EAP actuator is modelled using the
soft robotic manipulator analogy which assumes an imaginary backbone curve
representing the kinematic posture of the real soft robotic structure (the PPy-EAP
actuator in our case). The PPy-EAP actuator is represented by a hyper-redundant soft
robotic model that its inverse kinematic model becomes the objective function to be
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optimized in order to obtain the joint variables for given tip positions under an
electrical stimulus. The shape correspondence between the estimated backbone curve
of the PPy-EAP actuator’s soft robotic model and the real PPy-EAP actuator is
improved by using the adaptive boundary-constraints application approach where
continuous inverse kinematic calculations and continuity of the PPy-EAP actuator’s
backbone curve are assured by calculating and updating the boundary conditions and
constraints in the AngleOPT inverse kinematic shape estimation procedure.

6.2.1 The AngleOPT –An Improved Non-linear Constraint Optimization
The AngleOPT inspires its name from angle optimization or estimation, which is an
inverse kinematic solution algorithm for hyper-redundant robotic manipulators or
actuators such as the soft robotic structures modelled as a discrete system. The soft
robotic structure is discretised as a hyper-redundant system in order to enable the
estimation process of the entire shape of the real soft and continuum structure using a
non-linear constraint optimization method. The inverse kinematic shape estimation
problem of the PPy-EAP actuator is conducted in planar conditions because the
actuation of the PPy-EAP actuator is performed in the horizontal plane. The
objective function of the PPy-EAP actuator’s inverse kinematic shape estimation
problem is described as
(6.1)
where

and

are kinematic relationships for x and y coordinates of the

PPy-EAP actuator’s hyper-redundant inverse kinematic model and they are given as
(6.2a)
(6.2b)
where

, the set of joint variables. x and y are the tip position

coordinates of the PPy-EAP actuator. Since the
finding a solution to the set of

is a non-negative function,

becomes an unconstraint minimization problem

∑
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As the number of variables (i.e. joint angular positions) is high in Eq.6.3a, the
unconstraint optimization algorithm results in many backbone curve solutions which
still satisfy the end effector position. However, the kinematic configuration or the
shape

of

the

backbone

curve

obtained

from

an

unconstraint

minimization/optimization algorithm has a very small chance to be the solution
which corresponds to the shape of the real PPy-EAP actuator at any instant. On the
other hand, constraining the variables to be optimized in an objective function will
result more likely in the solution of the real PPy-EAP actuator’s real-time
configurations. We, therefore, propose to use a non-linear constraint optimization
method in order to estimate the shape of the PPy-EAP actuator using its 16-DoF
hyper-redundant soft robotic inverse kinematic model (Eq.6.3b). Taking this into
account, the unconstraint optimization of the inverse kinematic problem is converted
to a non-linear constraint optimization problem, as defined below;

∑

subject to
where

is the objective function,

and

are the finite indices,

and

are the equality and inequalities described for the objective function variables,
which are the joint angular positions in our case.
The non-linear constraint optimization approach will give flexibility to obtain more
accurate results where a better shape correspondence between the real soft robotic
structure and the hyper-redundant model solutions will happen unlike conventional
methods. The non-linear constraint optimization method to solve inverse kinematic
problem of the soft robotic manipulators has flexibility and control on the joint
variables that the number of possible solutions can be reduced by controlling the
boundary and constraints applied in the estimation/optimization procedure. The
conventional methods such as differential kinematics (i.e. based on inverting
Jacobian matrix) are not suitable to obtain a shape correspondence or kinematic
configuration of the real soft robotic system especially when the redundancy of the
manipulator increases (i.e. in case of hyper-redundant models of the soft robotic
structures). With the non-linear constraint optimization method, this problem can be
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eliminated by adjusting or adapting the constraints and boundaries applied to the
optimization algorithm based on the physical constraints of the real soft robotic
system which will then provide more accurate shape estimation of the real soft
robotic system by optimizing the hyper-redundant inverse kinematic model. Further
explanation will be given later about how to apply constraints and boundaries
adaptively to enhance the optimality of the objective function where more precise
shape estimations are conducted as the constraints and boundaries continuously and
automatically updated in the AngleOPT inverse kinematic shape estimation
procedure.
To increase the optimality of an objective function, most of the optimization
algorithms use the derivatives of the objective function (i.e. gradient information of
the objective function); the first derivative is to check possible optimal solutions and
second derivative is to check whether the solution is minimum or maximum. This is
Taylor’s theorem to examine continuous functions’ minima and maxima [110, 111].
The first order partial derivative of the objective function provides gradients where
the objective function variables make the gradient of the objective function zero. The
second order partial derivative of the objective function is called the Hessian matrix
of the objective function; if the Hessian of the objective function is positive where
the variables make the gradient of the objective function zero, the objective function
will have its possible local or global minimum at those variables, and if the Hessian
is negative at those variables, then the objective function will possibly be a local or
global maximum at that point [108]. The gradient of an objective function is
calculated as
[
where

]

are the objective variables and

(6.4)
is the number of

variables. The Hessian matrix of an objective function is calculated as
{
Hessian is, therefore, given by using Eq.6.4 and Eq.6.5
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}

(6.5)

[

]

The SQP algorithm can handle a large scale of non-linear optimization problems
with high non-linearity in the constraints which generate and solve quadratic subproblems. The SQP algorithm can be found in several commercial mathematical
software packages such as Mathematica, MATLAB or Maple. We construct the
AngleOPT using fmincon function in MATLAB. This function can be utilised to
solve several types of non-linear constraint optimization problems with a capability
of a number of different optimization algorithms such as trust-region reflective
algorithm, active set algorithm, interior point algorithm and SQP algorithm.
As articulated above, the accuracy of the shape correspondence between the real
PPy-EAP actuator and its hyper-redundant model’s inverse kinematic solutions is
highly dependent on the boundary and constraints applied in the non-linear constraint
optimization procedure. The boundaries for the joints variables can still be satisfied
but the solutions for the joint variables may not generate a satisfactory shape
correspondence. In the hyper-redundant model of the PPy-EAP actuator, the number
of joint variables is high enough whose inverse kinematic solutions can generate an
excessive number of backbone curves while the solutions satisfy the tip positions. An
illustrative representation is given in Fig.6.1 in order to demonstrate difficulty in the
inverse kinematic shape estimation of a soft robotic structure with hyper-redundant
variables.
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Fig.6.1. An illustration of the excessive number of inverse kinematic solutions for a soft robotic
structure (possible solution may still satisfy the boundary and constraints).

Hence, a special attention needs to be paid to applying the boundary and constraints
to the joint variables in the inverse kinematic shape estimation problem of soft
robotic structures. One may argue that global optimization algorithms can be used to
solve the inverse kinematic shape estimation problem of the PPy-EAP actuators or
highly flexible and/or active soft robotic structures. However, there are an excessive
number of inverse kinematic solutions for a hyper-redundant model as its number of
variables is high. More importantly, the inverse kinematic solutions should satisfy
both the tip position and the continuity of the hyper-redundant model of the real soft
robotic system. This requirement can be improved by controlling the boundaryconstraints assigned by the relationships between the joint variables in the
neighbourhood and as a whole continuum structure. The optimization algorithm
employed can be either based on global optimization methods or local optimization
methods. The adaptive boundary and constraints for the joint variables will assist the
optimization algorithm to obtain inverse kinematic solutions with a satisfactory
shape correspondence with the real soft robotic structure.
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6.2.2 Local vs. Global Optimization
Global optimization algorithms have also gained their popularity in recent years that
they are effective in solving many engineering problems including calculating
(numerically estimating) inverse kinematics of industrial robotic manipulators [113116]. Global optimization techniques developed use different approaches than local
optimization methods such that the global optimization techniques generate random
data in order to find the optima of an objective function or a system. On the other
hand, the local optimization techniques are mostly gradient based approaches that the
objective function should be differentiable in the gradient based optimization
algorithms or partially differentiable. In our case, the objective function, which is the
hyper-redundant kinematic model of the PPy-EAP actuator, is differentiable. Giving
details of all global optimization methodologies and their working principles would
be out of scope of this study. A detailed study of global optimization methods is
presented in [109, 112]. However, global optimization techniques can be divided into
two major optimization approaches; deterministic and probabilistic [112, 118]. While
deterministic approaches are applied to a problem where relations between the
variables of the objective function can be identified and formulated, the probabilistic
approaches use random searching methods. Probabilistic approaches have been
developed sharply including methodologies inspired from natural evolution (e.g.
Monte Carlo based methods), genetics, swarm optimization, etc.
Global optimization techniques can also be utilised to estimate the shape of a soft
robotic structure modelled as a hyper-redundant system using its inverse kinematic
model. As articulated above, optimization algorithms either global or local methods
can serve well to estimate inverse kinematic joint variables of an industrial robot
with low redundancy (e.g. generally less than 6-DoF). In this type of inverse
kinematic joint variable estimation problem, an optimum kinematic configuration of
the robotic manipulator is searched for a given end effector where simply applying
boundary and linear constraints to the joint variable should help to find an optimum
kinematic configuration. In other words, the optimization problem addressed for
solving inverse kinematics of an industrial robotic manipulator finds an optimum
kinematic configuration to the robotic manipulator for a given end-effector position.
However, we use optimization algorithms to estimate the shape variation of a soft
robotic structure with hyper-redundancy in which there is an excessive number of
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optimum kinematic configurations that they still satisfy physical boundary and
constraints, and end effector positions. This means that the inverse kinematic
problem of the soft robotic structure (i.e. the PPy-EAP actuator) is a multi-variable
inverse kinematic shape estimation method rather than obtaining an optimum inverse
kinematic solution to a specified end effector position. The solutions generated by
the optimization algorithm based on either global or local optimization methods must
provide a shape correspondence to the real soft robotic structure in order to be an
accurate inverse kinematic shape estimation method. In terms of efficiency (i.e.
speed and robustness), the optimization algorithms may show some difference in
solving an inverse kinematic shape estimation problem. However, all algorithms
require well-assigned boundaries and constraints reflecting the physical constraints
of the real soft robotic structure for the joint variables in order to generate better
inverse kinematic shape estimations of the soft robotic structure.
The manipulator’s joint variables and the end effector can be satisfied by the
optimization algorithm such that it is a possible optimum solution. However, the
inverse kinematic shape estimation requires more attention on the boundary and
constraint application that a high number of joint variables must satisfy not only the
tip position and a possible optimum solution but also an accurate shape
correspondence between the estimated backbone curve (i.e. generated using
estimated joint variables and the hyper-redundant forward kinematic model of the
real soft robotic structure) and the real soft robotic actuator or manipulator. Also, the
inverse kinematic shape estimation procedure should be continuous that the real soft
robotic structure’s shape variation is estimated for all real-time configurations.

6.2.3 Adaptive Boundary and Constraints for Inverse Kinematic Shape
Estimation
The inverse kinematic shape estimation of a hyper-redundant soft robotic
manipulator is a highly-nonlinear multi objective (e.g. two objective functions if the
soft robotic structure is modelled in 2-dimensional space; x-coordinate and ycoordinate) and multi variable (i.e. a high number of joint variables of the hyperredundant model) optimization problem. The higher is the number of variables of the
objective function, the higher is the number of possible optimum set of joint variable
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solutions. This means that only minimizing the error for given tip coordinates and the
hyper-redundant kinematic model by searching for the joint variables in its kinematic
model will generate any possible solution as an optimum whether the optimization
methodology employed is a global optimization algorithm or a local optimization
algorithm. Considering physical and kinematic constraints of the soft robotic
structure, the PPy-EAP actuator, will improve to narrow the search space of the
optimization algorithm employed. For example, in our case, in estimating bending
behaviour of the PPy-EAP actuator, these physical and kinematic constraints are
such that the joint variables closer to the tip of the PPy-EAP actuator exhibit a higher
displacement than the ones closer to the fixed-end of the PPy-EAP actuator. Also, a
change at the joint variables should be similar to other joint variables at their
neighbourhood in order to keep the continuity of the estimated shape and to assist the
optimization algorithm in next estimation step which is the next time increment for
the new bending shape of the PPy-EAP actuator. In other words, sharp changes in the
joint variables are restricted in order to keep the continuity of the estimated backbone
curve of the PPy-EAP actuator.
In the AngleOPT inverse kinematic shape estimation procedure, the whole bending
shape of the PPy-EAP actuator is estimated continuously for every time increment.
With this in mind, the boundary and constraints should adapt somehow to the inverse
kinematic non-linear constraint optimization in order to generate more meaningful
joint variable estimation, therefore more precise shape estimation of the PPy-EAP
actuator. To do that, an adaptive boundary-constraint application method is
introduced in the AngleOPT inverse kinematic shape estimation algorithm that the
boundary and constraints are updated by using the previous estimated backbone
curve shapes and change in the variables of the objective function (i.e. hyperredundant inverse kinematic model).
Optimization algorithms are studied and programmed to search the optima of the
objective function that for the inverse kinematic shape estimation, the estimated joint
variables of a soft robotic structure in transient might be unreasonable. The inverse
kinematic shape estimation is referred to continuous and sequential shape estimations
of the whole soft robotic structure in this study where the estimated shapes of the soft
robotic structure should also have a continuous trend. The adaptive boundary and
constraint application approach will calculate trend of the joint variables in the
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inverse kinematic shape estimation and it will automatically update new boundary
and constraints in the optimization algorithm in order to assist more accurate shape
estimation to the optimization algorithm employed. Two sequential kinematic
configurations of a soft robotic structure are given in Fig.6.2 in order to illustrate
importance of the adaptive boundary-constraints application in the inverse kinematic
shape estimation procedure using the non-linear constraint optimization techniques.

Fig.6.2. Importance of the adaptive boundary-constraint application in the inverse kinematic shape
estimation (state 2 is estimation by the adaptive boundary-constraint approach, state 2` is the
estimation by passive boundary-constraints).

The soft robotic structure’s shape takes a form from state 1 to state 2 that the
adaptive boundary-constraints assists the AngleOPT inverse kinematic shape
estimation algorithm to estimate more precise shape of the soft robotic structure, the
PPy-EAP actuator. On the other hand, applying constant boundary and constraints to
the AngleOPT can imprecisely estimate the shape of the soft robotic structure, state
2. A constant boundary-constraint application still helps the optimization algorithm
to satisfy the tip position and physical configuration constraints, in which the joint
variables closer to tip of the soft robotic structure have larger bending angles.
However, state 2 shows a backward bending closer to the fixed-end of the soft
robotic structure that this type of shape estimation is not acceptable in terms of a
continuous inverse kinematic shape estimation procedure and it does not reflect the
real soft robotic structure’s bending behaviour.
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A few steps are followed to generate the adaptive boundary and constraints in the
AngleOPT algorithm in order to produce more accurate inverse kinematic shape
estimations;
1. Initial joint variables, boundary and constraints are set including physical
constraints; joint variables are always positive, joint variables closer to the
tip must have a larger numerical value
2. The inverse kinematic shape estimation is produced using initial conditions
3. The change in the joint variables is calculated over time (individual joint
angular speed)
4. The change in the joint variables along the backbone curve (i.e. length of the
real soft robotic structure) are calculated at that time increment (joint
variable relations)
5. The lower boundary for the joint variables is set to be that of the previous
joint variables which prevent a backward shape estimation, as illustrated in
Fig.6.2
6. New initial joint variables are assigned based on the parameters calculated in
steps 3 and 4 (i.e. the change of joint variables)
7. The calculated joint variable trends individually and as a whole structure in
steps 3 and 4 are reflected in the next time step of the inverse kinematic
shape estimation by updating the inequality constraints of the joint variables
8. Steps 3 to 6 are repeated in every time increment (i.e. incremental inverse
kinematic shape estimation)
By following these steps, boundary and constraints in the AngleOPT are adaptively
updated where the boundary and constraints do not require prior estimations but they
are continuously calculated and updated in the inverse kinematic shape estimation
procedure. Using the adaptive boundary-constraint application in the AngleOPT, the
non-linear constraint optimization problem of a hyper-redundant soft robotic
structure is offered to serve better for the non-linear inverse kinematic shape
estimation problem.
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6.3 Conclusions
We have proposed an inverse kinematic shape estimation algorithm (the AngleOPT)
of a highly non-linear structure, which is a soft robotic actuator modelled as a hyperredundant system (the PPy-EAP actuator), using a non-linear constraint optimization
algorithms (the SQP algorithms) in order to estimate whole shape of the soft robotic
structure for only given tip positions. This inverse kinematic estimation method is
enhanced by introducing the adaptive boundary-constraints application where
boundaries and inequality constraints applied to the joint variables are automatically
estimated and updated in the AngleOPT. The shape of the soft robotic manipulator is
estimated in transient form in which the adaptive boundary-constraints serve well to
produce more accurate inverse kinematic shape estimations. The boundary and
constraints play significant role in finding more accurate shape correspondence
between the real soft robotic structure and the hyper-redundant model’s estimated
shape. The advantage of the adaptive boundary-constraints application does not only
produce more reliable inverse kinematic shape estimations but also generates these
estimations automatically for every time increment (i.e. continuous inverse kinematic
shape estimation). With proper boundary and constraints assigned adaptively to the
joint variables in the inverse kinematic shape optimization, the inverse kinematic
solution produced by the AngleOPT is ensured to correspond to the real soft robotic
structure’s shape. The AngleOPT with the adaptive boundary-constraints application
approach can accurately estimate the shape of different soft robotic structures. The
AngleOPT can also be easily applied to other active and soft structures similar to
bending type EAP actuators.
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Chapter 7

A Case Study: Further Verification of Modelling
Approach for a Continuously-Stable Mechanism
Articulated by PPy-EAP Soft Robotic Actuators
7.1 Introduction
Mechanisms have extensively been employed to form the foundation for numerous
tools, devices, machines and many more. Although developments in electronics and
control theories are taking some of mechanisms’ roles in this century, some
mechanisms will maintain their significance in new applications if they are
articulated with innovative smart materials. These mechanisms certainly include
compliant mechanisms which might be considered as the modern substitutes of their
predecessors constructed by conventional moving parts with joints. Compliant
mechanisms are especially suitable for micro-domain applications where
constructing a conventional mechanism would require a very high accuracy in
machining and assembling the parts of the mechanism. On the other hand, compliant
mechanisms can be a perfect solution that a compliant mechanism is manufactured in
one piece (i.e. monolithic) or has less moving parts with most of the joints eliminated
by replacing them with flexural elements.
Compliant mechanisms are generally studied adapting the Elastica beam buckling
theory or pseudo rigid body models [119-123]. These compliant mechanisms employ
slender-beams (i.e. beam material differs depending on the application) to generate
the compliance in the mechanism which is also referred as a bi-stable mechanism.
Multi-stable mechanisms have also been proposed which are based on connecting a
number of bistable mechanisms. A multi-connected bistable mechanism is quite
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complex to construct in micro-domain. Another type of compliant mechanism is a
coupled compliant mechanism which combines magnetic stimulation with slender
beam-buckling where a permanent magnet is fixed at the tip of the slender beam. The
primary advantage of the coupled compliant mechanism over the pure-buckling
compliant mechanism is that a coupled bistable mechanism can easily be upgraded
with a higher stability; a tri-stable mechanism or a penta-stable mechanism by adding
more stations (i.e. permanent magnets) between two stable positions of the coupled
bistable mechanism [124]. Whether the actuation method is an external force or a
magnetic force, the operation principle of these compliant mechanisms are based on
beam buckling. Therefore, they all require an external force to generate their motion.
On the other hand, a compliant mechanism with materials with built-in actuation
would widen the use of the compliant mechanisms. Such a compliant mechanism can
employ EAP actuators which are compliant and active themselves, and easily be built
in micro-domain. Mutlu and Alici have designed and analysed a compliant
mechanism articulated by the bending type EAP actuators rather than relying on the
beam-buckling [64]. In that study, the EAP actuators are fixed at one-end and the
other end of the EAP actuators freely slides in a so-called shuttle. When an electrical
potential is applied to the EAP actuators, they push the shuttle while bending. The
shuttle can be stopped in any position from an initial configuration to a final
configuration —thanks to the EAP actuators’ operation principle that a continuous
stability is achieved integrating the EAP actuators into a motion converter (i.e. from
bending to linear motion) or a continuously-stable compliant mechanism.
This chapter designs and constructs a continuously-stable compliant mechanism
powered by smart actuators (i.e. the PPy-EAP actuators). More importantly, the soft
robotic actuator modelling approach is employed to accurately analyse and simulate
the continuously-stable compliant mechanism’s behaviour for a given electrical
input.

7.2 System Methods and Materials
The PPy-EAP actuators used in this chapter were prepared using fabrication steps
described in Section 2.2. They were accurately cut from the bulk sheet PPy-EAP
fabricated to 13

2

0.17 mm length, width and thickness, respectively (the PPy131

EAP actuators’ actual operating length is 10 mm; 3 mm is occupied by the electrical
contact) by utilising the laser cutting procedure described in Section 2.3. The
electrolyte solution, 0.1 M Li+TFSI- in PC, was used in all experiments. A group of
PPy-EAP actuators (i.e. six PPy-EAP actuators were electrically connected and
actuated by one input voltage) were actuated with 0.0 − 2.5 V peak-to-peak square
input voltages with a frequency of 0.05 Hz prior to each test to obtain a stable output.
A 3D printer (3D Printing Systems, UP Plus 3D Printer Model: 3DP-14-4A with 3D
printing software installed: UP! V1.17) was used to fabricate the stationary
components of the continuously-stable mechanism. The 3D printing system and the
printed parts of the continuously-stable mechanism are shown in Figures 7.1 and 7.2,
respectively. The 3D printer uses Acrylonitrile Butadiene Styrene (ABS) as the
material. The static parts of the continuously-stable mechanism were designed using
PTC Creo package software prior to fabricating them by 3D printing.

Fig.7.1. The 3D printing system.
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Fig.7.2. 3D printed parts of the continuously-stable mechanism.

The shuttle (i.e. made of PVC) which is the moving part in the middle of the
mechanism was fabricated using the laser cutting procedure described in Section 2.3
with an apparatus to equally cut rectangular pockets around the cylindrical shuttle.
The rectangular pockets were engraved by the laser cutting machine that the PPyEAP actuators could slide in these rectangular pockets similar to a Rapson’s slide
mechanism [64]. Schematic of the continuously-stable mechanism powered by the
active PPy-EAP actuators is shown in Fig.7.3. Electrical contacts, shown in Fig.7.4,
were also fabricated by etching a copper tape using the laser cutting machine.
A similar operating configuration was applied to a 5-bar mechanism articulated with
the PPy-EAP actuators by Elise et al. [125]. In that mechanism, two PPy-EAP
actuator strips are connected from both ends and electrical stimulus is applied in the
middle of one PPy-EAP actuator. That 5-bar mechanism generates a rectilinear
motion. On the other hand, the continuously-stable compliant mechanism, which has
a simpler topology to build and actuate, generates a similar motion profile with a
more stable output. It is, therefore, proposed as a continuously-stable compliant
mechanism.

Fig.7.3. Schematic of the proposed continuously-stable compliant mechanism (Curves in black
represent the PPy-EAP actuator fixed at sides and free to slide in the shuttle).

133

Fig.7.4. Laser etched electrical contacts made from copper tape.

The force output data of the continuously-stable mechanism were obtained from the
tip of the shuttle employing the force measurement system described in Section 2.5.
eDAQ Chart software was utilised to record the force data as a blocking force of the
shuttle which is the sum of the force output of the six PPy-EAP actuators powering
the mechanism. The displacement data was obtained employing a linear laser sensor
(Microepsilon, Model: NCDT-1700-10) focused at the tip of the shuttle. The
displacement data was also monitored and recorded using the eDAQ Chart software.
The blocking force and the displacement data were then converted into MATLAB to
be used in the electromechanical simulations of the continuously-stable mechanism.
The kinematic and dynamic models of the continuously-stable mechanism are
obtained by adapting the soft robotic actuator modelling methodologies presented in
Chapters 3 and 5, respectively.

7.3 Model development
Modelling of the continuously-stable mechanism involves the kinematic and
dynamic models of the PPy-EAP actuators.

7.3.1 Kinematic Model
The soft robotic actuator kinematic model described in Chapter 3 estimates the PPyEAP actuator’s bending behaviour kinematically where the PPy-EAP actuator moves
freely in the air. However, the proposed continuously-stable mechanism converts the
bending output of the PPy-EAP actuators into a rectilinear motion that the PPy-EAP
actuators acting like active flexural joints or flexural joints with embedded actuation,
being allowed to slide in a common output element like a shuttle. Further, the
mechanism does not require a fixed track or guide to generate a rectilinear
movement. In our previous paper [64], an equivalent mechanism, which is a
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Rapson’s slide mechanism, is used to kinematically represent the bending behaviour
of the compliant PPy-EAP actuators with a revolute joint connected to a rigid link,
which slides in a prismatic joint constrained to move along a straight line. Such
arrangement will generate a motion profile similar to that of the Rapson’s slide
mechanism as they are topologically equivalent mechanisms; while the Rapson’s
mechanism uses a rigid rotating link, the proposed continuously-stable compliant
mechanism benefits the bending displacement of the PPy-EAP actuator. Although
such an approach provides reasonable accuracy over a rigid-link one and a revolute
joint, taking the PPy-EAP actuators’ bending behaviour into account would provide a
more realistic and accurate model.
In this chapter, Mutlu and Alici’s [64] kinematic model has been adapted and has
been improved by estimating the PPy-EAP actuators’ bending shapes kinematically
and dynamically while sliding in the shuttle. The kinematic model development of
the continuously-stable mechanism enhanced by the PPy-EAP actuator is outlined in
Fig.7.5. The effective length of the PPy-EAP actuator in the continuously-stable
mechanism is shown in Fig.7.6.

Fig.7.5. Kinematic model development algorithm for the continuously-stable mechanism.

135

Fig.7.6. Schematic of a single PPy-EAP actuator bending in the shuttle; effective length is the length
where the PPy-EAP actuator pushes the shuttle at that point ( is the shuttle displacement).

Effective length

is the length of the PPy-EAP actuator from its fixed point to the

point where the PPy-EAP actuator has a sliding contact within the shuttle. The
effective length is important which is also used in the dynamic model development
of the continuously-stable mechanism. However, the actual length
considered with

should be

that the inverse kinematic shape estimations of the PPy-EAP

actuators sliding in the shuttle can be accurately obtained from the solution of the
soft robotic kinematic model of the PPy-EAP actuator.

7.3.2 Electromechanical Model
Electromechanical model of the continuously-stable mechanism has been developed
using the soft robotic dynamic modelling approach described in Chapter 5. As
articulated above, the effective length of the PPy-EAP actuators should be calculated
prior to the dynamic modelling that the PPy-EAP actuators have a sliding contact
within the shuttle at that point. While the effective length plays a key role here in the
dynamic modelling of the continuously-stable mechanism, it is calculated using the
AngleOPT (described in Chapter 6) inverse kinematic shape estimation algorithm.
Then, the electromechanical simulation results are used to calculate the shuttle’s
dynamic output, therefore the continuously-stable mechanism’s dynamic output. The
dynamic model development process is outlined in Fig.7.7 for the continuouslystable mechanism.
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Fig.7.7. Dynamic model development algorithm for the continuously-stable mechanism.

7.4 Experimental Model Evaluation
Experiments were conducted with 6

PPy-EAP actuators; 3 of them were in one

plane aligned with 120° between each other and the other group of 3

PPy-EAP

actuators were placed parallel to the first group of PPy-EAP actuators that they push
the shuttle in the same direction while they are bending. This configuration of 6
PPy-EAP actuators within the continuously-stable mechanism is presented in Fig.7.8.
A copper tape was used to fabricate the electrical contacts as shown in Fig.7.8 by
laser etching. The group of 6

PPy-EAP actuators were electrically connected and

stimulated with a single source of the input voltage ranging between 0.50 V and 1.25
V with increments of 0.25 V for each test. The group of 6

PPy-EAP actuators with

the continuously-stable mechanism structure are referred as the continuously-stable
mechanism, unless otherwise noted. Prior to each test, the continuously-stable
mechanism was actuated by a square wave input voltage under the same amplitude
with the step inputs used for actuation in displacement and blocking force
measurements. The illustrative data acquired and recorded with eDAQ Chart are
presented in Fig.7.9.
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Fig.7.8. The continuously-stable mechanism powered by 6-PPy-EAP actuators (CAD drawing and the
real mechanism assembled from 3D printed parts).

Fig.7.9. Typical displacement and force outputs of the continuously-stable mechanism measured from
the shuttle. The current passed, the input voltage, and the displacement of the shuttle and the blocking
force data are shown in plots (a) - (d), respectively.
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The experimental setup shown in Fig.7.10 consists of the PPy-EAP actuators, the
continuously-stable mechanism structure, the PVC shuttle placed in the middle of the
continuously-stable mechanism, some fixtures and stands, force and displacement
measurement systems. The force and displacement measurements are presented in
Fig.7.11. While the force measurement system used in this chapter is the same as the
force measurement system described in Chapter 2, the displacement measurement
system used in this chapter also employs the laser displacement sensor. The laser
displacement sensor was used to obtain the shuttle travelling distance and an image
processing based displacement measurement system was used to obtain the
displacement of a single PPy-EAP actuator in order to perform the inverse kinematic
shape estimation (the AngleOPT) that the tip position of the PPy-EAP actuator in the
shuttle is calculated from the AngleOPT results. The image processing displacement
measurements cannot be used to obtain the tip positions of the 6

PPy-EAP

actuators in the shuttle because they operate in the mechanism where no clear vision
is possible. The laser sensor was therefore focused on the tip of the shuttle in order to
obtain the shuttle’s displacement data.

Fig.7.10. Schematic of the experimental system.
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Fig.7.11. Force output measurement and displacement measurement of the continuously-stable
mechanism with six PPy-EAP actuators installed.

As mentioned above, a PPy-EAP actuator articulating the continuously-stable
mechanism has an effective length and a whole length. While the effective length is
the length from the PPy-EAP actuator’s fixed point to the shuttle, the whole length is
the actuator’s real length from its fixed point to its tip point. The effective length of
the PPy-EAP actuators is subjected to a variation while the continuously-stable
mechanism is in operation; the PPy-EAP actuators slide in the shuttle, as described
above, which allows the bending PPy-EAP actuators to push the shuttle ―a motion
conversion from bending to a linear output. The distance between the PPy-EAP
actuator’s fixed point and the shuttle does not change. However, the blocking force
measured at the tip of the shuttle changes with respect to the PPy-EAP actuator’s
fixed point (i.e. shuttle) in terms of the distance along the PPy-EAP actuator’s length.
The effective length of the PPy-EAP actuators’ are calculated using the displacement
data obtained from the image processing based displacement system for the single
PPy-EAP actuator. The AngleOPT inverse kinematic shape estimation is used to
obtain the whole shape of the PPy-EAP actuators articulating the continuously-stable
mechanism. As the shuttle position is determined from the laser displacement
measurements and the mechanism design parameters, the corresponding shape
configuration of the PPy-EAP actuator is generated from the AngleOPT inverse
kinematic calculations. These kinematic shape configurations are used to identify the
dynamic parameters in the electromechanical model.
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The soft robotic kinematic and dynamic models of the continuously-stable
mechanism have been validated using the experimental measurements. The joint
stiffness and damping parameters identified are shown in Fig.7.12 for the electrical
inputs from 0.50 V to 1.25 V, with the sequential steps of 0.25 V. Following that, the
PPy-EAP actuators within the continuously-stable mechanism have been simulated
and results are presented in Figures 7.13 - 7.20.
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The PPy-EAP actuator’s electromechanical simulation results have been used to
calculate the shuttle’s displacement, velocity and acceleration outputs for given input
voltages. Schematic of the calculation method is presented in Fig.7.21 and
experimentally obtained shuttle displacements with corresponding PPy-EAP actuator
configurations (electromechanical simulation results) are presented in Figures 7.22 7.25. These results show that the kinematic and dynamic models are accurate enough
to estimate the displacement output of the linear actuation mechanism, demonstrating
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a further validation of the models. The shuttle’s dynamic displacement, velocity and
acceleration results and their experimental comparison are given in Figures 7.26.

Fig.7.21. Schematic of the shuttle’s dynamic displacement calculation from electromechanically
simulated PPy-EAP actuators.
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Fig.7.22. Shuttle’s corresponding displacements (red x-marks) with the full PPy-EAP actuator’s
kinematic configurations within the shuttle under 0.50 V.
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7.5 Potential Applications
The continuously-stable compliant mechanism powered by the PPy-EAP actuators
can employed as a mechanism converting the electrical energy into the mechanical
energy in the form of a linear mechanical displacement and force output. This
mechanism can be utilised as a programmable switch, a valve, a pump, a linear
positioning device and a clamp etc. in MEMS by adjusting the input voltage and
scaling the mechanism down that the soft robotic electromechanical model will
estimate and/or control the device’s outputs.

7.6 Conclusions
This chapter has established a continuously-stable compliant mechanism based on
bending and sliding principle of the PPy-EAP actuator inspired from the Rapson’s
slide mechanism that the PPy-EAP actuators’ bending motion is converted into a
linear motion. An electromechanical model has been developed to simulate the
continuously-stable mechanism’s behaviour under a range of electrical input. The
results presented in this chapter further verify the kinematic model and dynamic
model developed in Chapters 3 and 5 for the PPy-EAP actuators. The
electromechanical model of the continuously-stable mechanism uses the soft robotic
actuator modelling methodology to estimate the PPy-EAP actuators’ behaviour
within the mechanism and estimates the displacement, velocity and acceleration of
the mechanism satisfactorily. The kinematic model estimates the whole shape of the
PPy-EAP actuator, therefore, its effective length and its sliding distance in the shuttle
for given electrical inputs. The electromechanical model uses this information to not
only estimate the dynamic parameters (i.e. stiffness coefficients and damping factors)
but also predicts the continuously-stable mechanism’s displacement, velocity,
acceleration outputs and force output. In other words, the electromechanical model is
employed for two purposes; dynamic parameter identification for the dynamic model
(i.e. using Lagrange mechanics to develop the dynamic model) and simulating the
continuously-stable mechanism’s dynamic behaviour.
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Chapter 8

Conclusions and Future Work
8.1 Conclusions
Recent developments in artificial muscle technologies mean that artificial muscles
like EAP actuators have a significant potential to advance the field of bio-inspired
soft robotics. EAP actuators can enhance numerous applications especially in the
micro domain, thanks to their extraordinary properties, including being compliant,
noiseless operation, suitability for miniaturisation, low power operation, operation
similarity to natural muscles, ability to generate high strain rates, light weight, ability
to work in both aqueous and dry environments, insensitivity to magnetic field, and
biocompatibility. Their highly non-linear behaviour, however, has not been
adequately studied due to their multi-physics properties (i.e. electrical, chemical and
mechanical) properties and complex operational principle. There are several types of
EAP actuators, but ionic bending type EAP actuator (PPy-EAP) has been modelled
kinematically and electromechanically in this thesis by identifying its kinematic and
dynamic parameters. Further, an ionic bending type EAP actuator has been modelled
to form 3D helical configurations from an initially planar-spiral as a compliant
lamina emergent mechanism with built-in actuation. The models developed in this
study accurately estimate the whole shape or kinematic configurations of ionic
bending type EAP actuators as a function of time. We have also employed these
models to predict the dynamic behaviour of an innovative

continuously-stable

compliant mechanism articulated with a set of PPy-EAP actuators.
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This thesis has presented modelling and system identification methodologies to
understand and predict the kinematic and dynamic behaviours of ionic bending type
EAP actuators both in 2D and in 3D as a soft actuator and/or as a mechanism. By
successfully establishing these methodologies, this study has improved our
understanding of these smart actuators and their capabilities in order to extend their
applications to new bio-inspired soft robotic applications.

8.2 Summary of Contributions
This thesis makes a number of contributions to the field. These include:
o The PPy-EAP actuator’s whole body has been modelled as a soft robotic
actuator with the backbone curve approach.
o The soft robotic kinematic model has been validated to estimate the PPy-EAP
actuator’s shape variation continuously with the inverse kinematic shape
estimation algorithm, the AngleOPT, which is a non-linear constraint
optimization method we have proposed in this study to estimate the whole
shape of the PPy-EAP actuators and other smart actuators and structures.
o An adaptive boundary and constraint specification method has been
developed for the inverse kinematic shape estimation procedure in order to
ensure that the estimated configurations match the real configurations of the
PPy-EAP actuators. An electromechanical model has been developed and
validated experimentally for the PPy-EAP actuator under a range of input
voltages by estimating the PPy actuator’s highly non-linear deflections
accurately using this electromechanical model. The estimations involve the
whole shape non-linear deflection of the PPy-EAP actuator rather than its tiponly small deflections. Further, this model can be used to accomplish the
challenging task of accurately estimating the stiffness or modulus of elasticity
of smart actuators.
o An image processing based transient tip displacement measurement method
has been developed using a digital camera placed perpendicular to the motion
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plane in 2D and perpendicular to the main motion axis in helix forming PPyEAP actuator in 3D.
o A helix forming PPy-EAP actuator has been designed and modelled in 3D
and validated by estimating its inverse kinematic helical configurations in
which the PPy actuator has acted like an active-lamina emergent compliant
mechanism. This is the first time such a lamina emergent mechanism with
built-in actuation has been proposed, fabricated, modelled and experimentally
verified.
o An innovative continuously-stable linear actuation mechanism, which can
also be called motion converter; bending to linear, articulated with the PPy
actuators was fabricated to further verify the kinematic and dynamic
modelling methodologies proposed in this thesis.

8.3 Future Research
As EAP actuators have a broad range of application areas, future research includes:
o Further interpretation of 3D displacements of

EAP actuators as active-

compliant lamina emergent mechanisms to enhance the 3D soft robotic
kinematic model, not only for a helix-forming 3D structure but also for
various lamina emergent mechanisms made from bending type EAP
actuators.
o Improving the image processing system used for planar bending EAP
actuators in this thesis so that it is able to extract the whole shape of the EAP
actuator as a function of time in order to enhance the effectiveness of the
comparison process followed for the simulation and experimental results.
Further, the image processing system used for capturing 3D helix-forming
EAP actuators needs to be improved by a multiple camera system in order to
record the helix-forming motion more accurately.
o Design optimisation and fabrication of a micro-sized and active-compliant
lamina emergent mechanism which will utilise the topology described in
Chapter 4 for applications in optics to serve as a linear positioning system or
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auto focussing unit. Such an active-compliant mechanism can easily find
applications in micro optical systems or even in an artificial eye.
o Validating the proposed electromechanical modelling and identification
methodology for bending type EAP actuators with different geometric
parameters (length, width and thickness) and how the actuator parameters,
including the modulus of elasticity, change with the geometric parameters,
and substrate synthesis conditions. This methodology can be extended to
model the dynamic behaviour of other EAP actuators or a lamina emergent
mechanism manipulating a load such as an optical component. The
electromechanical models (the kinematic and dynamic models) can be
employed to control the displacement output of the EAP actuators using an
inversion-based feedforward control method, not requiring external feedback
data. Accurate kinematic and dynamic models are needed to estimate the
actuator’s kinematic configurations for a given voltage input so that its
positioning ability can be improved without using external sensors. It is not
practical to use an internal or external sensor to measure the actuator
displacement for feedback control. The ideal solution is to have accurate
dynamic models and invert these models to control the displacement output.
This will potentially widen the application areas of PPy-EAP actuators and
other smart actuators.
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